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The Staphylococcal
Enterotoxins

Marti Jett, Boris lonin, Rina Das and Roger Nelll

Walter Reed Army Institute of Research, Washington, DC USA

General Characteristics of
Staphylococcal Enterotoxins

The staphylococcal enterotoxins (SEs) are a family of
related proteins whose biological toxicities include
staphylococcal food poisoning (SFP), various skin
disorders, toxic shock syndrome (TSS), and possible
involvement in auto-immune disorders. The SEs,
named sequentally by letter, include SEA, B, C1, C2,
C3,D,E, G, H, 1, ] and toxic shock syndrome toxin 1
(TSST-1). They have been characterised as super-
antigens, because of their massive impact on the host
immune system, and their interaction with lymphoid

cells has been widely s cd SE also exert effects on
endothelial cells, ki cels, synovial
cells and human platele &m’gc-ﬂu-mbcgoﬁsmérem

theliteraturehave examined. The genetic, biochemical
and biological properties of staphylococcal entero-
toxins have been extensively reviewed (Bergdoll, 1972;
Holmberg and Blake, 1984; Bergdoll et al., 1985,
Marrack and Kappler, 1990; Leung et al., 1993a;
Bohach, 1997; Iablonsky et al., 1997; Dinges et al.,
2000).

exotoxins, which share the property of inducing fever
and shock in human and non-human primates. Only

SEs, however, are associated with staphylococcal food ¥

poisoning.

Staphylococcal Food Po:sonmg

Staphy]ococcal food . poisoning (SFP) is a form of .y
enteritis resulting from ingestion of food _con-

taminated with preformed staphylococcal enterotoxin,

vl

and thus SFP is an intoxication rather than a disease of -
infection (Bergdoll ez al., 1974). Contamination with .-y

toxin results from conditions, such as poor refriger< - ;

ation or undercooking, that promote growth of toxin- - . ¢

producing Staph. aureus. After toxin ingestion, there is
rapid ( a-‘khours) onset of vomiting, that may or may

not be accémpamcd by nausea and-diarrhoea. Vomit- -~ -«

ing in the absence of high fever is characteristic of SEP
and this usually resolves in 24—48 hours. Even at low

ingestion doses, in experimental studies in nonshuman -

primates and cases of people accidentally. exposed,
symptoms include dizziness, abdominal colic, possible
vasoconstriction in extremities resulting in extreme

N

% . One or more of these exoproteins are produced  muscular weakness with icy-cold feet and hands and
and secreted by certain isolates of the Gram-positive  concomitant vasodilatation in the kidneys and other
bacterium Staphylococcus aurens. They are members  organs (Pereira et al., 1994; Mattix et 2l, 1995;
of a larger group of proteins produced by Staph.  Carmo et al,, 2001). Anorexia may last up to 7 days
aureus and Streptococcus pyogenes, termed pyrogénic  after even a mild exposure. Dehydration is one of the
&p Copyright line © 2001 by Academic Press. All rights of reproduction in any form reserved. doi:10.1006/bkmm.2001.0061




2 GASTRO-INTESTINAL INFECTIONS: TOXIN-ASSOCIATED DISEASES

most common complications of SFP, and the illness
may lead to lethal shock. The groups most affected are

_young children and older adults with other persistent

health problems (Weed ez al., 1943; Pereira et al.,

1994; Carmo et al., 3].0.0.}

Contaminated Food Products

There is a long history of staphylococcal enterotoxins
causing serious illnesses from accidentally contamin-
ated food products. A well-documented example is
induction of lethal shock in infants and small children
after drinking SEB-contaminated goat’s milk (Weed
et al., 1943). Dairy products are among the foods
frequently contaminated with toxin or toxin-
producing staphylococci. The two most frequently
identified routes of contamination are mastitis of

cows (Garcia ez al., 1980) and goats (Bezek and Hull, -

1995), and human carriers involved in milking
(Adesiyun ez al., 1998). Staph. aureushas been shown
to produce enterotoxins A, B, C and /or D in the milk
of sheep (Bautista ¢z /., 1988), goats (Valle ez al,,
1990; Adesiyun, 1994, 1995; Adesiyun et al., 1998)
and cattle (Tatini ez al., 1971a; Olsvik et al., 1982;
Abo-Elnaga et al., 1985; Kayihura et 4/., 1987; Umoh
et al., 1990). Dairy products may also contain toxins
and/or toxin-producing Staph. aurecus (Rose et al.,
1989; Gilmour and Harvey, 1990; Burdova ez al,
1994) and contaminated cheese, frequently made
from raw milk, may harbour enterotoxins or bacteria
or both (Tatini et al., 1971b, 1973; Ibrahim ez al.,
1980; Rosec er al., 1997). SEA or toxin-producing
Staph. aurcus have been identified in cream-filled
cakes, cheese and breast milk in Brazil (Percira et al.,
1994;, 1995), in a ‘black pudding’ commonly served
in Trinidad (Adesiyun and Balbirsingh, 1996), beef
from abattoirs (Desmarchelier ¢t al., 1999); the most
heavily contaminated were the chicken carcasses
(Ombui ¢z al., 1992).

Asymptomatic Human Carriers

The common source of bacterial contamination of
food are food handlers who are asymptomatic carriers
of SE-producing Staph. aurcus. In one study almost
half of nasal staphylococci of hospital food handlers
produced high levels of enterotoxins (A > B, C >>D,
E), and some produced several toxins (Reali, 1982).
A study of 300 food handlers in Spain showed that
12% were carriers of enterotoxigenic staphylococci
{FPrancisco Polledo e£ al., 1985). In Kuwait City, 27%
of 500 restaurant workers were nasal carriers of
Staph. aureus and nearly all isolates produced staphy-
lococcal enterotoxins, which is not higher than in the
general population (Al Bustan et a/., 1996). After a
food poisoning outbreak in a restaurant in Brazil,

ment smay produce@dSEs (Sourek ¢t al, 1979
@ produced by nasal isolates (Olusanya {

enterotoxigenic staphylococci were found in the noses,

mo ¢t al., . In a study of 821 healthy
rsons, 31% were carriers of enterotoxigenic staphylo-

%;(:ats and under the fingernails of food handlers

2068

200|

cocdi (57% of food handlers, 14% of students) and half "

produced SEA, and the others produced SEB and C.
Isolates from 40% of persons receiving medical trea

TSST-1 i
and Naidu, 1991). ;
Enterotoxigenic staphylococci have been isolated

from about 30% of the adult population and these "

bacteria are the obvious source of many of the exten-
sive food poisoning outbreaks. It has been shown that
the growth of bacteria inoculated is minimal if the food
is rapidly and thoroughly refrigerated (Anunciacao
et al., 1995). In one incident a very large cake was
inadequately cooled before inserting the cream filling
and those eating it became violently ifl, and SEA was
detected in the remaining cream filling (Pereira et al,,
1994).

Antitoxin Profiles of Human Carriers

It is not known whether the staphylococci of human
carriers produce the toxins at sites of colonisation.
To address this question, antibody levels have been
examined in these individuals, on the assumption that
carrier status may be reflected in higher antitoxin titres.
Serum antibody levels were compared in patients with
staphylococcal infections and healthy carriers. An
almost identical proportion of the staphylococci from
cach group (93 versus 94%) produced enterotoxins
and the antibody patterns to SEA, B, C, D, E and
TSST-1 were virtually identical (Solino Noleto et al.,

1986). Similarly, of laboratory personnel working with -

SEB, 85% had antibodics as compared with 23% in the

(o
Z

general population (Jozefczyk, 1973). This may reflect .

an age-related variation in antibody titre, since in
another study a lower percentage of students, as

compared with the general population, were carriersof -
enterotoxigenic staphylococci (Sourck, 1980). Sera :
from patients with TSS had lower levels of antibodies -

to staphylococcal enterotoxins A, B and C than con-

trols, and a combinations of TSST-1 and SEC was the .- '

most lethal (Crass and Bergdoll, 1986).

In view of the association of superantigens with .~ .
rheumatoid arthritis, Tabarya and Hoffman (1996) -
compared rheumatoid arthritis patients and controls, - - -

including the healthy spouses of patients, for nasal
carriage of Staph. aureus and antibody titre to TSST-1
and SEA, as a measure of past exposure to the toxins.
The patients and controls had a carrier rate of 50% and

35%, respectively, and bacteriophage typing of the |

isolates suggested a marked differences between strains
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isolated from the two groups. The rheumatoid arthritis
patients had significant higher IgG and IgA antibody
levels to TSST-1 than the controls, unrelated to
rheumatoid factor titres or HLA-DR type.

Food-borne illnesses due to SE range in severity and
outcome depending on the dose of the toxin con-
‘sumed and general health status. Attempts have been
made to determine the age-related severity of SE
exposure, but definitive answers are not available.
Questions remain about the involvement of the super-
antigenic properties of SEs in the emetic response.
These are based on observations that genctically
altered (Harris et al., 1993a; Hovde ez 2/, 1994) and
chemically altered (Scheuber et al., 1987a, b) SEs
retain T-cell mitogenic activity but lose emetic and
functional activities. Studies with SE fragments
(Bohach, 1997) and specific antisera (Alber et al,
1990) support the notion that the emetic action of SE
is separate from its superantigenicity. The cells and
receptors in the gut to which the SEs bind have not
been clearly defined. Mast cell interactions, neuro-
peptide generation and inflammatory mediators
appear to play a role (Scheuber et al.,1987a; Jett et al.,
1990; Boyle et al., 1994). A study in mice, however,
showed that SEB, administered intragastrically,
induced mucosal T-cell expansion and up-regulated
cytokine mRNA (Spiekermann and Nagler-Anderson,
1998). SEB produces severe villus atrophy and crypt
cell hyperplasia in human fetal gut explant cultures
(Pender et al., 1998).

Toxic Shock Syndrome

TSS is a potentially lethal disease defined by high
fever, severe hypotension, oedema, diffuse erythem-
atous rash, desquamation of skin and dysfunction of
three or more organ systems, frequently including
kidneys and/or lungs (Dinges et al, 2000). This
toxin-mediated systemic disease was first observed in
non-systemic infecdons by SE- producing Staph.
anrens (Todd et al., 1984). Subsequently, another
Staph. anreus toxin, designated as toxic shock syn-
drome toxin 1 (TSST-1), was shown to be associated
with TSS in menstruating women and in non-
menstrual cases (Dinges ez al., 2000). Pyrogenic exo-
toxins of Strep. pyogenes may also cause TSS (Bohach
et al., 1990). These toxins share structural and biolo-
gical properties with SEs, such as enhancement of
endotoxic shock, but only SEs induce vomiting.
SE-induced illness, unrelated to contaminated
food, and leading to lethal shock has been recorded in
the literature. Scald burn victims had been described,
who had diarrhoea, vomiting, general malaise, pyrexia,
tachycardia and tachypnoea within 2448 hours of a,

burn injury. Sequestration of peripheral blood lymph-
oid cells and low haemoglobin concentrations were
evident 3—4 days after the burn, and about half of the
children died of an illness typical of lethal shock
(Farmer ez al., 1985; Heywood and al-Essa, 1990;
McAllister et al., 1993; Marodi et al, 1995). In
another study about half of young children with burn
injuries had antibodies to TSST-1 but this did not alter
the outcome (Childs et al., 1999).

There are numerous different cases, all with similar
patterns of illness, in which SEA or SEB induced TSS.
Some examples are an influenza-like illness in which
isolates produced SEB or TSST-1 (MacDonald et al.,
1987). Other studies show that for menstrual TSS,
SEA was frequently found along with TSST-1 (Kain
et al.,1993) while for non-menstrual TSS, SEB was the
predominant toxin and TSST-1 was not present (Lee
et al., 1992). Interestingly, the non-menstrual TSS
patients had a higher incidence of previous anti-
microbial treatment (46% versus 16%). The course of
symptoms differed in the two groups, with non-
menstrual TSS showing more frequent renal and CNS
complications (Kain et al., 1993).

Bacteraemia due to methicillin-resistant Staph.
anrens (MRSA) is most severe for the various entero-
toxin types produced, with a mortality rate signifi-
cantly higher in patients over 51 years of age than in the
younger patients (50% versus 4%) (Nada et al., 1996).

Genetic Characteristics

Staphylococcal enterotoxins share many structural and
functional similarities, but each also has distinct fea-
tures. They are relatively heat-resistant and resistant to
protease digestion by gastric enzymes. In early studies

five antigenically distinguishable SE serotypes, SEA,

SEB, SEC, SED, SEE, were identified. SEC consists of
three additional subtypes, SEC1, 2 and 3. Four add-
itional types (SEG, SEH, SEI and SEJ) have been
identified by use of recombinant DNA methods (Ren
et al., 1994; Munson et al.,1998; Zhang et al., 1998).
Two new types of SEC, SEC-ovine and SEC-bovine,

have also been found (Marr ez al.,1993). All of the SEs
M

tested (SEA-SEI) can induce vomiting, onl
the toxin serotypes are frcqueWth food
poisoning outbreaks, but thisrfnay relate to availability

of reagents, Toxin serotypes frequently associated with
food poigoning outbreaks are SEA, SED, SEC and
SEB, wjth SEA the predominant type (Holmberg and
984). In contrast, SE serotypes associated with
nopmenstrual toxic shock are primarily SEB and SEC
ohach et al., 1990). '

The regulation of SE expression in culture and in
the location of their genes differ. SEB and SEC are

A

s
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produced in greater quantities by the strains that
cncode them than are other SEs. The expression of
SEB, SEC and SED is in part determined by a regu-
latory element, designated agr, that also controls
expression of a variety of other virulence proteins of
Staph. aureus (Jablonsky et al., 1997). In contrast,
SEA and SEJ expression is not affected by ag7 (Zhang
et al., 1998).

The structural genes for several SEs are associated
with mobile genetic elements, and this may account for
strains that encode genes for more than one SE sero-
type. The gene for SEA is bacteriophage encoded
(Betley and Mekalanos, 1985). In contrast, the gene
for SED is encoded by an antibiotic-resistance plasmid
(Bayles and Iandolo, 1989). The sequence of tlie gene
that encodes SEJ is on the same plasmid as that for
SED (Zhang et al., 1998). The SEB gene has been
localised to a distinct DNA element of unknown origin
on the Staph. anreus chromosome (Johns and Khan,
1988).

Structural Comparisons and Functional
Properties

Protein and DNA sequencing have characterised the
complete amino acid sequences of the various SE
molecular variants. Comparative analysis of their pri-
mary amino acid sequences reveals regions of highly
conserved residues and other regions of variability.

The degrees of sequence relatedness classifies the
toxins into two broad groupings, in which the closely
related SEA and SEE are, together with SED, SEI and
SEH, in one group, and SEB, SEC and SEG in another
(Jablonsky et al., 1997; Dinges et al., 2000).

The proteins are similar in size (25-28 kDa) and the
mature proteins consist of 218—239 amino acid resi-
dues (Svensson et al., 1997). A feature characteristic of
all the SEs is the presence of two cysteine residues in
the middle of the protein that form a disulphide bridge
in the mature toxin with an intervening variable loop
(Fig. 1). A series of 11 amino acids adjacent to the
distal cysteine are highly conserved among all the SEs
(landolo and Tweten, 1988).

X-ray crystallographic analysis of SEB provided the
first three-dimensional model of an SE (Swaminathan
et al., 1988, 1992, 1995). Crystal structures for the
other SEs have also been determined. Figure 1a shows
a schematic representation of SEA and Fig. 1b shows
the crystal structure of SEC3. In spite of their differ-
ences in primary amino acid sequence, these two
SEs share remarkable similarity in three-dimensional
structure. The crystal structure of each shows an
ellipsoid molecule with more G strand than « helicaljn
two main domains. The smaller domain, with most of

(b)

DOMAIN 1

Fig. 1 Ribbon diagrams showing the crystal structure of two
staphylococcal enterotoxins representing diverse features. (a)
A model of SEA with the TCR and MHC (M1) regions indicated.
(b) SEC3 with its major functional features. Domain 1 indicates
the area of binding to MHC class [I, while domain 2 shows the
area involved in binding to TCR. Reprinted from Leung DYM,
Huber BT, Schlievert PM (eds) (1997) Superantigens: Molecular
Biology, Immunology, and Relevance to Human Diseases, pp.
175 and 203, with permission from Marcel Dekker.

the amino terminal half of the molecule, has a
disulphide-linked loop at one end of a cylindrical
B barrel. The N-terminal residues of the SEs arise
from the other side of this barrel to overlie the edge of
a second larger domain consisting of an antiparallel
B sheet wall. A pair of « helices lie between the two
domains to form a long groove on one side of the
molecule and a third « helix contributes to a shal-
lower groove near the top of the toxin structure. These
same structural motifs are conserved in SEA, SEC and
SED (Papageorgiou ¢t al., 1995; Sundstrom ¢t al.,
1996a, 1996b). The crystal structure of the non-
emetic superantigen TSST-1 (Prasad ez al., 1993) has
a similar two-domain structure, but without the
disulphide loop, the N-terminal rcsiduegoverlic of
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the second domain and one of the a-helices in the
groove between the two domains.

The sequence diversity between the SEs is reflected
in the differences each displays in its interaction with
MHC 1II and T-cell receptors. A schematic repre-
sentation of this interaction is shown in Fig. 2. The
SEs vary in affinity for different MHC II types and for
binding sites on MHC II (Herrmann ez al., 1989).
Competitive binding indicates that the SEB/C/G
family and SEA have a common binding site on MHC
11 (Thibodeau et al., 1994), but that SEA primarily
binds at additional site that requires zinc ions as a co-
factor (Fraser et al., 1992). This dual binding abiliry
for SEA may add to its potency. SEE and SED have a
similar zinc requirement (Svensson et al., 1997). In
addition, each SE has a distinct repertoire of V3 T-cell
receptor subunits with which they react (Choi ez al.,
1990).

Chemical modification of SE proteins to define the
structural features involved in their function suggested
that certain amino acid residues were important for
function or structural folding of the molecule (Stelma
and Bergdoll, 1982). Enzymatic cleavage of the toxin
peptide (Spero et al., 1975) and deletion mutagenesis
(Harris et al., 1993b) of the toxin gene indicated
that amino acid sequences at both the N-terminal and
C-terminal regions of the molecule were needed for
function. Similarly, studies with peptide fragments
showed that multiple regions were involved in mito-
genesis (Jett et al, 1994; Hoffman er al, 1996;
Johnson et al., 1996). «

Site-specific mutagenesis of several SEszand X-ray
crystallographic analysis of SEB bound to MHC I(]@-nd

T cell

Antigen-
presenting cell

Fig. 2 Schematic representation of superantigen (SAg) inter-
action with the MHC of the antigen-presenting cell, coupled
with the Vg subunit on the T cell. Reprinted from Leung DYM,
Huber BT, Schlievert PM (eds) (1997) Superantigens: Molecular
Biology, Immunology, and Relevance to Human Diseases,
p. 134, with permission from Marcel Dekker. ‘

svY

SEB g.rﬁ SEC bound to T-cell receptor a chain have
added greater detail to the features that affect bind-
ing of SEs to these molecules (Kappler ¢t al., 1992;
Jardetzky et al., 1994; Fields et al., 1996; Leder ez al.,
1998; Li et al., 1998a b). Multiple conserved residues,
mainly in the smaller domain structure of the toxin,
but also in the N- and C-terminal regions, contribute
to the binding of SEB to the § subunit of MHC II.
This binding occurs outside of the peptide antigen-
binding groove. A small cleft formed in the upper area
between the two structural domains of SEB and SEC
contains multiple non-conserved residugs from three
different regions of the toxin scqucn@ich mediate
bindingeashithr specific loop regions o

the T-cell /xseccptor. These toxin regions bind to the
backbone portion of the V3 protein chain, rather than
to the residues. The positioning of this backbone area
is different in qﬁﬂ‘tren B types and the residues in the
TCR-combining site in each SE are also different,}
accounting for the variability in affinity of each SE to ’
particular V3 types.

Studies with peptide fragments suggest that another
region in a 3 strand of the larger toxin structural
domain, not recognised by crystallographic or muta-
tional analysis, may be involved in receptor binding in
addition to those described above (Jett ez al., 1994;
Hoffman et al., 1996; Johnson et al., 1996; Di Stefano
eral., 1998). No significant conformational changes in
either toxin or receptor has been observed in toxin—
receptor complexes, suggesting that the assembly of
multi-protein complexes on the cell surface, rather than

-0

¢ V3 chain of To

N

U‘a/\,(:aw

A

e

receptor conformational changes, may initiate signal

AQ:

br b?

transduction events within the cell (Li ez al., 1998).

Cell Targets for Staphylococcal
Enterotoxin-Induced IllIness

Superantigenic Characteristics of
Staphylococcal Enterotoxins

T-cell Antigen Response
T lymphocytes constitute the lineage of lymphoid
cells that is primarily responsible for mediating cellu-
lar immunity. They are derived from haematopoietic
precursors and undergo a complex affinity selection-
driven maturation process in the thymus, during which
cells are selected for survival that recognise foreign
antigenic peptides presented in the context of self
class 11 major histocompatibility complex molecules
(MHC).

Classical oo/ receptor T cells are grouped into two
functional sets: (1) cytotoxic T lymphocytes (CTL),
which are primarily responsible for induction of

Ge ~

1T
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b
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apoptosis in cells infected with intracellular parasites
(mainly viruses); and (2) helper T lymphocytes, which
arc further divided into two subsets, designated TH1
and TH2, based on their pattern of pro- or anti-
inflammatory lymphokine secretion. The primary
function of helper T cells is to recognise extracellular
antigens, presented in the context of the class I MHC
molecule on the surface of the antigen-presenting cell
(APC), and to deliver the signal to the B cell. The
B cell, in turn, is responsible for mounting the anti-
body response (Oppenheim ez al., 1990),5

™

Structure of T-cell Receptor

Most T cells express the classical o/ T-cell antigen
receptor (TCR), the principal participant in T-cell
antigen recognition. The disulphide-linked o/
B heterodimer, directly responsible for the recognition
and binding of the antigen, is closely associated with
six additional polypeptide chains, v, 6, two €, and two
¢, collectively referred to as the CD3 complex (Paul
et al., 1993). The gene encoding the o,/ heterodimer
belongs to the immunoglobulin superfamily and is
subject to gene rearrangement processes similar to
those typical of immunoglobulin molecules, with the
exception of the process of somatic mutation which is
unique to immunoglobulin molecules. As a result, the
a/f dimer exhibits a high degree of polymorphism,
but not to the same d as immunoglobulins. By
contrast, the CD3 complex is non-polymorphic. The
explanation for this phenomenon lies in the evidence
that it is the «/fB dimer part of the TCR that is
responsible for recognition and binding of the antigen
presented in the context of a highly polymorphic
MHC molecule on the surface of APCs. The §, ¢, and ¢
subunits of the CD3 complex are associated with
protein tyrosine kinases Lck, Fyn and ZAP-70, and are
involved in transducing the signal from the receptor
(Paul ez al., 1993).

Structure of MHC Molecules
The MHC proteins, which are essental for presenting

" antigens to T cells, fall into two structurally and

functionally distinct classes, I and II. Class I MHC
molecules (MHC I are responsible for presentation of
intracellular (primarily viral) antigens to T cells. They
are expressed on the surface of most cells and consist of
a 45-kDa « chain associated with a 12-kDa subunit
(not encoded in the polymorphic MHC region),
referred to as B»-microglobulin. The « chain is a
type II membrane protein that consists of three
extracellular domains designated al, a2 and a3, a
membrane-spanning domain, and a short cytoplasmic
tail. The al and a2 domains form the binding site

for the antigen-derived peptide and for the TCR
(Germain, 1994).

The overall three-dimensional conformation of a
class It MHC molecule (MHCII) is very similar to that
of MHC 1. There are, however, certain structural dif-
ferences between the two classes of MHC proteins.
MHC II is expressed by professional APCs, such as
B cells, monocyte-derived macrophages, dendritic cells
and endothelial cells. The MHC II protein consists
of a 33-kDa « chain and a 29-kDa 3 chain. Both the «
and 3 subunits contain a membrane-spanning domain
and are encoded in the MHC region. Class II MHC
molecules are responsible for presentation of extra-
cellular antigens (such as bacterial antigens) to
T lymphocytes (Germain, 1994).

Conventional Antigens and Superantigens

T cells can only recognise conventional antigens in the
context of a MHC molecule. Consequently, in order
to be recognised by T cells, an extracellular antigen
must first undergo internalisation and intracellular
processing by an APC. The antigenic protein is
endocytosed, digested by lysosomal enzymes, and the
resulting short peptide is loaded onto the MHC II
heterodimer. Unloaded, MHC II proteins are unstable
and are eventually degraded by lysosomal proteases.
The MHC II-peptide complex is then transported to
the surface of the cell (Neefjes ez al., 1993). It is the
MHC II-peptide complex that is recognised and
bound by the T-cell antigen receptor (TCR). This
binding involves the variable (V) and joining (J)
regions of both a and § polypeptide chains of the
TCR, as well as the diversity (D) region of the 3 chain
(Germain, 1994). The term ‘superantigens’ (SAgs) is
used to describe these unique immunogenic com-
pounds that are able to stimulate unusually large
numbers of T cells, up to 20% of the entire T-cell
complement of the host (Webb and Gascoigne, 1994).
In contrast to conventional antigens, these proteins,
usually of bacterial or viral origin, are not internalised
by APCs, do not undergo intracellular processing, and
are not presented on the surface of APCs as short
antigen-derived peptides (Murray et al., 1995).

A schematic representation of SAg interactions with
TCR and with the MHC on the antigen-presenting
cell is shown in Fig. 2. In contrast to conventional
antigens, intact superantigenic proteins bind to MHC
II at a site distinct from the peptide-binding site
(Jardetzky ez al., 1994). Likewise, the binding site for
SAg on the TCRis different from the region involved
in recognition and binding of the MHC-peptide
complex (Seth et al., 1994). Indeed, interaction with a
superantigen involves primarily the variable region of

the TCR fchain (V) (Malchiodi et al., 1995). Thus,
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recognition of SAgs by T cells appears to be based
mainly on the V3 portion of the TCR without notable
contribution of other regions of the receptor. As a
result, SAg recognition by T cells is subject to a sig-
nificantly lower degree of specificity, as compared with
their interaction with conventional antigens, which, in
turn, may explain the ability of SAgs to stimulate
unusually large numbers of T cells. ‘

Superantigenicity of Staphylococcal

Enterotoxins

The SEs exert a 3-fold effect on the host organism:
(1) as enterotoxins, they induce emesis and diarrhoea
in humans and non-human primates (Jett ez al., 1994);
(2) as exotoxins, they have been implicated in induc-
tion of toxic shock (Marrack and Kappler, 1990); and
(3) as SAgs, they induce V3-specific T-cell stimulation
(Rellahan ez al., 1990), followed by anergy and acti-
vation-induced cell death (AICD) by apoptosis, which,
in turn, leads to immune suppression (Betley et al.,
1992).

The clinical manifestations of SE intoxication are
associated primarily with the large-scale release of
pro-inflammatory cytokines, particularly interleukin 2
(IL-2) and tumor necrosis factor a (TNFa) (Marrack
and Kappler, 1990; Johnson et al., 1991; Micthke
et al., 1992), as a result of the massive proliferation of
T lymphocytes. However, in SEs exert a direct
effect on the target organs, particularly the kidney,
thereby contributing to the dysregulation of vascular
tone, which results in severe hypotension associated
with SE-induced toxic shock (Chatterjee and Jett,
1992; Chatterjee et al., 1995; Khullar and Chatterjee,
1995; Ionin et al., 2000). Thus, it has become
exceedingly difficult to fully separate the exotoxic,
enterotoxic and superantigenic activities of the SEs.

Staphylococcal Enterotoxins and the

T-Cell Receptor

Following the resolution of the crystal structures of
some of the SEs and TCR (Swaminathan et a/., 1992;
Malchiodi et al., 1995; Fields et al., 1996; Bentley
et al., 1997), attempts have been made to identify the
regions of the toxins important for their immuno-
modulatory effects. In general, there is a distinct
functional separation of the SE N-terminal and C-
terminal domains, whereby one domain is responsible
for SE interaction with TCR, while the other domain
mediates SE-MHC II interaction (Kappler ez al,
1992; Swaminathan et al., 1992; Soos et al., 1993;
Hurley et al., 1995; Mahana et al, 1995; Li et al,,
1998a, b), but the specificities vary between different
members of the SE family. The SE-TCR interaction
appears to play a pivotal role in the superantigenic

activity of SEs. Indeed, a direct correlation has been
established between SE affinity for the TCR and its
ability to stimulate T cells (Li et a/., 1998b).

It must be noted, however, that details of the
SE-TCR interaction remain the subject of some
controversy. For instance, it was originally reported
that SEB residues in positions 60 (Asn) and 61 (Tyr)
are responsible for the SEB-TCR interaction (Kappler
et al., 1992), yet it was later shown that the loop
60-61 mediates interaction of the toxin with some,
but not all, of the human and murine SEB-specific V3
TCR clements (Mahana et al., 1995). Furthermore,
synthetic peptide studics of enterotoxin activity reveal
SE regions, previously not associated with TCR or
MHC interactions, that block SE stimulation of
T-lymphocyte proliferation (Harris et al., 1993a; Jett
et al., 1994; Soos and Johnson, 1994; Hoffman et al.,
1996). The same non-TCR peptide region (SEB 130-
160) mimics SEB apoptotic activity in cultures of
human kidney proximal tubule cells (Chatterjee and
Jett, 1992; Chatterjee et al, 1995; Khullar and
Chatterjee, 1995). This led to the hypothesis that
multiple regions of the SEB molecule might play a role
in SF activities.

The theory that T-cell specificity of bacterial
superantigens depends solely on the V3 region of the
TCR has also been challenged. The junctional region
of the TCR g chain (JB) is required for full T-cell
activation by certain SEs (Pullen and Bogatzki, 1996).
Moreover, the TCR « chain variable region has also
been implicated in contributing to the T-cell recog-
nition of a superantigen (Deckhut et al., 1994; Daly
et al., 1995). It became apparent that multiple sites on
the SE and the TCR molecules contribute to the T-cell
interaction with the superantigens, thus rendering the
nature of TCR-SE interaction far more complex that
had originally been thought.

Staphylococcal Enterotoxins and MHC
Although superantigens do not undergo internalisa-
tion and proteolytic processing by the APC, a char-
acteristic of conventional extracellular antigens, in
most cases they still require presentation by the APC in
order to be recognised by the T cell. However, instead
of the short antigen-derived peptide, the intact
superantigenic protein binds to the class II MHC at a
site different from the peptide-binding groove formed
by the o/ MHC dimer (Jardetzky et al., 1994).
Different members of the SE family bind to different
sites on the class II MHC molecule (Chintagumpala
et al., 1991), and differ in their repertoire of compat-
ible MHC molecules (Herman et a/., 1990). Some SEs
may possess more than one MHC-binding site, thus
providing a possible explanation for their stronger

’

v o



8 GASTRO-INTESTINAL INFECTIONS: TOXIN-ASSOCIATED DISEASES

MHC binding affinity (Kappler ez al., 1992; Soos and
Johnson, 1994). Moreover, it has been shown that
certain SEs have the ability to stimulate T lymphocytes
in the absence of a class II MHC presentation (Avery
et al., 1994), leading to the classification of super-
antigens into two subgroups: MHC-dependent and
MHC-independent.

Based on this evidence of the differential TCR and
MHC binding characteristics, as well as the correlation
between the TCR and/or MHC binding affinity and
the superantigenic activity, it has been proposed that
the SE-TCR, SE~-MHC and MHC-TCR binary
complexes together form a fluid ternary complex
characterised by compensatory affinities, whereby
weaker interactions are stabilised by the stronger ones
(Seth et al., 1994; Li et al., 1998a b). This model of
SE-TCR~MHC interaction appears to provide the
best description of the structure—function basis for the
SE stimulation of T lymphocytsgfr-l summary, sta-
phylococcal enterotoxins have strong superantigenic
activity manifested by the induction of polyclonal T
lymphocyte proliferation, which results in anergy and
apoptosis, and leads to deletion of a large portion of
the T-cell complement of the host. This effect origi-
nates in the peculiarities of the superantigen interac-
tions with the TCR and the class II MHC molecules,
namely lack of antigen processing by the APC and
binding to the MHC outside the peptide-binding
groove. This, in turn, results in a lower degree of TCR
and MHC specificity, as compared with conventional
antigens. While the evidence from structure—function
studies of the SE~TCR and SE-MHC interactions is
still subject of some controversy, the leading model of
T-cell stimulation by SE suggests a direct correlation
between binding affinities of SE, TCR and class II
MHC on one hand (with weaker interactions being
compensated for by the stronger ones), and the abi-
lity of the toxin to stimulate T lymphocytes on the
other hand.

Renal Function and Staphylococcal
Enterotoxins

Localisation in the Kidney

Evidence from various early animal models implicates
the kidney in general, and renal proximal tubujg cells in
particular, as the major target of SEB upta.k@\/lorris
et al., 1967; Rapoport et al., 1967; Normann ¢t al.,
1969). The SEB-induced death of rabbits can be pre-
vented by nephrectomy after toxin administration.
The rapid clearance of 1311 Jabelled SEB from the
blood in Rhesus monkeys is retarded by renal artery
ligation, but it is unaffected by the pharmacological
blockade of the reticuloendothelial (phagocytic)

system, suggesting that the enterotoxin is sequestered
in the kidngy epithelium (Rapoport et al., 1967). If
[ II]SEB@dmiuisterﬂd intravenously to monkeys,
32% is localised to the kidney within 30 minutes, as
determined by autopsy, and 97% of the radioactivity in
the kidney is in the renal cortex, which is the site of
proximal renal tubules (Morris et al., 1967

These observations are -supporte@nmuno-
fluorescence studies, which showed that estration
of fluorescein isothiocyanate (FITC)-labelled SEB in
the kidney is prevented if glomerular filtration is
interrupted by ligation of the ureters (Normann,
1971; Normann and Stone, 1972). Interestingly,
fluorescence was not detected in the liver of monkeys,
while in rats FITC-SEB is present in both liver and
kidneys. Indeed, in nephrectomised rats, the liver
becomes the principal site of SEB concentration in
terms of the intensity of fluorescence, which implicates
the liver as an alternate site of toxin uptake in rodents
(Normann ez al.,1969). This led to the hypothesis that
renal sequestration of SEB in primates, but not in
rodents, is receptor-mediated and may contribute
to the differences in SEB sensitivity between rodents
and primates. An example is the finding that neutral
glycosphingolipid SEB receptors are present in
primate kidneys but not in rodent kidneys (Khullar and
Chatterjee, 1995). Neuronal binding of SEA in the
gastro-intestinal tract is not demonstrable (Beery ez al.,
1984). The potentiation by LPS of SE, and vice versa,
has been demonstrated in various systems. In a rat
model of LPS-induced necrosis of isolated rat renal
tubular cells (RTCs), TSST-1 enhances the cytotoxic
effects of LPS/lipid A. Oxidative metabolism of ara-
chidonic acid and the generation of reactive oxygen
species appears to participate in LPS/lipid A-mediated
RTC death (Keane et al., 1986).

The Effect of Binding to Kidney Cells

The binding of SEB, but not SEA or TSST-1, to pri-
mary cultures of human proximal tubule cells is
concentration-dependent and it was deduced that
the receptor is the neutral glycosphingolipid
CerGalal —»4Gal (Chatterjee  and  Jetr, 1992;
Chatterjee ez al.,1995). SEB, but not SEA or TSST-1,
increases the uptake of [**C]choline into phospholi-
pids (Khullar and Chatterjee, 1995). It has been shown
that SEB binds to COS-1, an African green monkey
kidney fibroblast-like cell line, which does not express
MHC class 1I, but nevertheless the binding of SEB
was saturable. The receptor is a membrane protein of
approximately 85kDa (Rogers e al., 1995). SEC1,
SEC2 and SEC3 also bind to this protein, but SEA,
SED, SEE and TSST-1 do not bind. Truncated fusion
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proteins and use of structure-specific antisera showed
that residues at or near the C-terminus of SEB are
critical for binding to the 85-kDa protein (Rogers and
Zhang, 1997). Analysis of changes in gene expression
by primary cultures of renal proximal tubule epithelial
cells shows specifically altered expression of several
genes responsible for the regulation of vascular tone.
These genes were not previously known to be asso-
ciated with SE-induced iliness and they, or their
encoded proteins, are potentially new therapeutic
targets for the treatignt of SE-induced lethal shock
(Ionin et al., 2000)/
Oral challenge to rhesus monkeys with SEB pro-
" duces few changes in cardiorenal function, but intra-
venous challenge causes hypotension, tachycardia,
increased total peripheral and renal vascular resistance,
and a decrease in cardiac and renal functions. The carly
renal depression is not associated with hypotension,
but all measured renal functions other than the
extraction ratio of polycyclic aromatic hydrocarbons
correlate positively with decreased blood pressure in
the later phase of SEB toxaemia, and renal impairment
has been thought to contribute to death during SEB
enterotoxaemia (Liu et #f., 1978a, 1978b). There is

an increase in the nitric oxide synthase (NOS) in’

response to TSST-1 in cultures of murine monocyte-

macrophage cells (J744.2) and pig kidney epithelial

cells, which is due to concentration-dependent eleva-
tions of ¢<GMP. Hydrocortisone, but not indometha-
cin, prevents the generation of NO; and the increase
in cGMP levels, and this is partially reversed by co-
incubation with RU 486, an antagonist of gluco-
corticoid receptors (Zembowicz and Vane, 1992).

Renal Failure in Toxic Shock Syndrome

Renal failure is part of the clinical picture of fully
developed TSS. For example, a 73-ycar-old woman
developed acute renal failure duc to TSS, with negative
cultures of blood and cerebrospinal fluid, but MRSA
that produced TSST-1, SEB and SEC isolated
# from her pharynx and vagina (Fujisawa ¢£a7., 1998).
Similarly, a 21-ycar-old man with colitis and sepsis
developed acute renal failure due to infection with an
MRSA that produced TSST-1. On day 8 renal biopsy
showed severe acute interstitial nephritis with medul-
lary inflammatory cell infiltration, but without glom-
crular changes. Many lymphoid cells were present in
the interstitium, and most of the infiltrating cells
were small monocytes; over 70% of T cells were V32-
positive (Owada et al., 1999). Another patient was a
71-year-old man with pneumonia, who developed
proteinuria and renal failure and from whom an MRSA
‘was isolated that produced SEB, SEC and TSST-1.

S

_ of pulmonary vessels were infiltrated by lymphocytes,

" lymphocytes ‘with occasional mitotic figures were

Raised levels of IgG and IgA and various cytokines
were present and a renal biopsy showed mesangial
proliferative glomerulonephritis with deposits of IgG,
IgA and C3 along the capillary walls (Yoh etal.,1997).

In the case of a 31-year-old woman with menstrual-
related TSS, organisms isolated from vagina, nose an
trachea produced enterotoxins A an he presented
with shock, a high fever, skin eruption, pulmonary
interstitial oedema and acute renal failure that required
dialysis, and residual renal failure was still present
4 months later (Bouletreau ¢ al., 1984). Cases of
sudden infant death syndrome (SIDS) from several

TSST-

ximately 50% of such infants, TSST-1, SEA, S
SEC1 could be detected by ELISA, but toxins were
present in only 16% of infants who died from non-
SIDS related causes (Zorgani ez 4l.,1999). - T

lnte’ragt-i'on‘ with Endothelial Cells

SEvinduced illness is associated with a variety of clinical

manifestations, of which the most serious is acute - )
respiratory, distress syndrome (ARDS). Histological
. examination of monkeys exposed to SEB/’\Showc )

widely distributed pulmonary oedema. The adventitia

Q@Qreede
macrophages and some neutrophils. Numerous large’ A
present in pulmonary vessels, and pften occluded the |
alveolar capillaries. The alveolar ‘scptal interstitial
spaces were expanded by oedema (Mattix ef al., 1995).
Recruitment of neutrophils to the alveoli and airways
has been demonstrated when SEA or SEB is adminis-
tered intravenously to rabbits (Wagers ¢ al., 1998)
and to mice (Tessier et al, 1998). The chemo-
attractants involved in this recruitment may include
IL-8 and/or ICAM-1 (Xu et al., 1994).

SEA induces injury to normal human lung micro-
vascular endothelial cells (HMVEC-L)@}HS and is
attributable to SE-induced cytokine production by
polymorphonuclear cells (PMN) (Fujisawa ez al.,
1998). Similarly, SEB-stimulated LAK cells induce

o

" glomerular endothelial cell injury (Seprenyi e al,

1997). Other studies suggest that contributors to
endothelial damage and to multi-organ failure caused -
by SEs may include platelets, which show the typical
release reaction of inflammatory mediators and ser-
otonin, in response to SEB as well as to LPS (McKey
et al., 1997). ’

> SEB has direct effects on primary cultures of
pulmonary artery endothelial cells in the absence of
effector cells or their products. Barrer function is
disrupted and the intracellular junctions show
SEB-induced tyrosine phosphorylation, and inhibitors
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There are probably renal receptors for the SEA family of enterotoxins in view of the observations that
SEA-exposed individuals have been characterized as having residual kidney-related problems (Carmo et al

2001)
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of protein tyros inase block loss of barrier function
in these cells ( - 8). TSST-1 directly
disrupts barrier function and lcakage occurs in porcine

\M}“ & aortic endothelial cells without priming by lymphoid

cells or cytokines (Lee e
ttempts have been made to undcrstand the course
of SE induction of respiratory distress JFfluman umbil-
ical vagcular endothelial cells (HUVEC) stimulated
with IFN~, or with SE-primed T cells express HLA
O class 1T molecules after some days. At that time,
\ binding was observed of TSST-1 (Araake ez 2/.,1991),
SKEA (Kushnaryov et al., 1989, Uchiyama et al., 1990;
Riesbeck er al., 1998) and SEB (Krakauer, 1996). In
the case of unprimed HUVECs, Staph. aureus but not
staphylococcal enterotoxins could act as primary sti-
mulus for endothelial cells to induce production and
release of cytokines (Soderquist et 2l., 1998). Another
approach involved induction of cell adhesion mol-
/ ecules correlated with the binding of SE (Srinivas eral.,
1998). This model system should be applicable to
bacterial infections in which toxin secretion occurs
over an extended time period. SEs disappear from
circulation by 30-60 minutes post exposure. The
model does not, therefore, appear to be an appropriate
model to study toxin-induced illness in which the
organism is not present, such as in food poisoning or
toxin inhalation, since HUVEGCs require days of
priming before the effects of SE are seen.

Skin Disorders and Staphylococcal
Enterotoxins

M Skin colonisation with Staph. aurens occurs in numer-

ous skin disorders, including atopic dermatitis (AD),

) Kawasaki’s syndrome, scalded skin syndrome, psoriasis

) and others -(Noble ez al, 1998). Depending on the

disorder, 65—-80% of the staphylococci produce one or

more of the SEs (Leung ez al., 1995; Norris and Leung,

1997) and absorption of the toxin does not differ

through normal or atopic skin. The inflammation is

thoughtto be directly related toactions of secreted SEs.

The up-regulation by SEs of skin-homing receptor and

cutaneous lymphoid antigen may promote T-cell loca-

lisation to the skin and an abundance of macrophages

'& appear in the lesions. The patterns of cytokine mRNA

in these patients are consistent with TH2 phenotype
(Norris and Leung, 1997). ' v

Auto-immune Disorders and
Staphylococcal Enterotoxins

Rheumatoid Arthritis

SEs promote production of antigen-specific antibodies
in models of rheumatoid arthritis (RA) (He et al,
1992) and they induce rheumatoid factor (RF), which

is an auto-antibody directed against the Fc portion of
immunoglobulin. RF is present in 70% of rheumatoid
arthritis cases and it is associated with a serious prog-
nosis, including cutaneous vasculitis, interstitial
fibrosis and Felty’s syndrome (Schiffenbauer ez al.,
1997). In a mouse model of RA, injection of type II
collagen leads to severe chronic arthritis 4-5 weeks
later (Knudsen ez al., 1997). The injection with
Mycoplasma arthritidis or SEB (but not SEA) into
convalescent mice whose arthritis had largely resolved
after 130-200 days leads to a rapid, severe flare-up of
the arthritis (Knudsen ez al., 1997). Sequence com-
parisons between Mycoplasma arthritidis mitogen and
SEB show an alignment at residues 38-82 (Kappler
et al, 1992) and with Cl at residues 127-139
(Hoffman ez al., 1996). RA patients have increased
IgM against SEB (Origuchi ez al.,, 1995a, 1995b), and
anti-SEB but not anti-SEA is present in RA patients
(Knudsen et af., 1997). The disorders classified as
reactive arthritides occur after genito-urinary or gas-
tro-intestinal bacterial infections (Schiffenbauer ez a/.,
1997). On the whole, these findings suggest that the
SEs can lead to the onset of auto-immunity that results
in rheumatoid arthritis in predisposed individuals.

Multiple Sclerosis

Multiple sclerosis (MS) is thought to be an antigen-
specific immunity to central nervous system proteins
such as myelin, proteolipid protein, etc. Auto-immune
experimental allergic encephalomyelitis (EAE) induced
in PL/J mice by immunisation with myelin basic
protein (MBP) is an animal model of MS. On the
administration of SEB or SED to mice that had recov-
ered from an episode of EAE, the mice developed
a clinical relapse of the disease (Matsumoto and
Fujiwara, 1993; Brocke etal.,1996;Schiffenbaueretal.,
1997). Although SEA does notactivate VF8+ T cells, it
induces relapse of EAE in mice (Schiffenbauer et al.,
1997). Developmentof EAE in naive mice occurs onthe
transfer of SEB-activated, MBP-reactive T lympho-
cytes (Racke ez al. 1994).

Kawasaki Disease

Kawasaki disease (KD) is an acute febrile illness with
persistent fevers, redness of lips, oral mucosa and a
polymorphous skin rash that lasts for 1-2 weeks. Itis
the most common cause of acquired heart disease in
children in Japan and the US (Norris and Leung,
1997). KD occurs most commonly in Japanese chil-
dren and may occur in epidemics. It has been shown
that 70% of KD patients harbour SE-producing bac-
teria (Leung et al., 1993b) and that the pattern of T-
cell expansion in these patients suggests superantigen
activation (Curtis et al., 1994; Curtis ez al., 1995).
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Auto-immune Lung Disease

Auto-immunec diseases, such as idiopathic pulmonary
fibrosis, have been suspected of involving superantigen
stimulation. A mouse model has been developed in
which auto-immune mice develop interstitial pneu-
monia on the intratracheal administration of SEB or
SEA, but not protein A (Shinbori ¢t al., 1996). In a
similar mouse model, SEB induces cytokine produc-
tion in the bronchoalveolar lavage (BAL). Animmuno-
suppressant (FK506), but not corticosteroid, inhibits
SEB-induced T-cell expansion in BAL fluid and
increases cytokine and chemokine production in the
bronchoalveolar space of SEB-treated mice. Further-
more, transfer of T cells from auto-immune mice
stimulated with SEB into severe combined immuno-
deficiency (SCID) mice gives rise to interstitial pneu-
monia. This suggests that superantigen-reactive T cells
in the bronchoalveolar space may trigger the devel-
opment of interstitial pneumonia in this mouse model
(Fujiki ez al., 1999). In a comparison of lung fluid and
peripheral blood, patients with hypersensitivity pneu-
monitis or sarcoidosis showed T- cell subsets typical of
SEs, and with recovery these subsets disappeared
(Trentin ez al., 1997).

Other Auto-immune Disorders

Auto-immune disorders in which SEs may be
involved include insulin-dependent diabetes mellitus,
Wegener’s granulomatosis and psoriasis (Schiffenbauer
et al., 1997). A substantial body of circumstantial
evidence suggests that SE may play a role in auto-
immunity and it appears likely that SEs can exacerbate
a pre-existing auto-immune tendency (Knudsen ¢t 4/,

1997).

Antibody Characteristics and
Various Disorders

Many adults have significant anti-SE antibody titres
(Bergdoll et al.,1973). We have noticed that high-titre
antisera decrease SEB-induced lymphocyte prolifer-
ation to about 30% of control (Jett et al., 1994). The
residual activity could not be blocked even by addition
of another source of antisera. It has been reported that
antisera from only few specific individuals completely
block SE mitogenic activity. This may explain why
individuals have repeated bouts of SE intoxication.
Intravenous administration of commercial immuno-
globulin preparations is effective in the treatment of
TSS, especially in the normalisation of blood pressure
(Barry et al., 1992).

Attempts have been made in a number of diseases to
understand how they may relate to exposure to SEs.
Bunikowski e¢ 2/. (1999) investigated the prevalence of

circulating anti-SEA, SEB-specific IgE antibodies in
children with atopic dermatitis and found that 34% had
antibodies to SEB or SEA. These children had sig-
nificantly more severe atopic dermatitis and levels of
specific IgE to food and air allergens. The disease
severity correlated to a greater extent with the presence
of SEA /SEB-specific antibodies than with total serum
IgE levels. Density of colonisation with superantigen-
secreting Staph. aureus was higher in the superantigen
IgE-positive group. The majority of these children had
repeated episodes of superficial Staph. aureus skin
infections.

As described previously, antibody levels to SEB in
rheumatoid arthritis patients correlate remarkably to
the disease and present a pattern different from that in
matched controls (Origuchi et al, 1995a, 1995b).
Similarly, a higher percentage of rheumatoid arthritis
patients are carriers of enterotoxigenic staphylococci
and also have increased antibodies to SE than controls
(Tabarya and Hoffman, 1996).

Children have frequent staphylococcal infections,
and many lack antibody to TSST-1 but, surprisingly,
the incidence of TSS is low in these children. In one
study, 52 children had infections with toxin-producing
strains and none had TSS. Protective antibodies are
high in newborns, of whom 80% have protective
antibody titres, they decline until 2 years of age and
then gradually rise (Jacobson et al., 1987). Isolates
from children are more likely to be TSST-1-positive
than those from adults (Jacobson et al., 1989).

Mediators of Staphylococcal
Enterotoxin-iInduced lliness

Cytokines

The functional diversity of cytokines, and their subset
of immunity and inflammation modulators, known as
lymphokines, are reviewed by Meager (1998). In
contrast to classical hormones, cytokines are believed
to act both in a paracrine manner, acting on neigh-
bouring cells, and in an autocrine manner, acting on
the secreting cells themselves. Furthermore, unlike
hormones, cytokines often exert mitogenic effects
directly on their target cells. In addition, many cyto-
kines possess a wide range of frequently overlapping
biological activities (Meager, 1998). These may, in
part, account for the unique role a number of cyto-
kines play in both cellular and humoral responses of
the host to infectious agents. For example, the inter-
leukins IL-1, IL-2 and IL-6, the interferons IFN« and
IFNy (type II interferons), and the members of the
TNF family are widely implicated in mediating
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inflammatory responses, including those associated
with systemic shock induced by Gram-negative and
Gram-positive bacterial toxins, as will be described
below (Miethke er al., 1992; Granovitz, 1993;
Granowitz ez al., 1993; Dinarello, 1997).

The notion that cytokines are involved in the
mediation of septic shock is based on several categ-
ories of observations, including those obtained via
(1) cytokine injection into experimental animals,
(2) cytokine inhibitor treatment of animals injected
with bacteria or bacterial toxins, (3) the pharmaco-
kinetic studies in animals and humans, (4) the cytokine
analysis of the serum from septic shock patients, and
(5) the clinical trials with specific cytokine inhibitors
(Wagge and Steinshamn, 1997). Animal models show

‘a remarkable consistency in the endotoxin-induced

cytokine profile in different species. Endotoxin raises
levels of TNFa, IL-1, IL-6 and IL-8, and IFN~y (Red!
et al., 1993). Cytokine and anti-cytokine treatment of
animals has confirmed the involvement of these
molecules in mediation of septic shock (Ohlsson ez al.,
1990; Doherty ¢t al., 1992). In the case of human
modcls of endotoxin-induced shock the results are
very similar to those obtained in animals. They show
clevation of TNFq, IL-1, IL-6 and IL-8 levels within
a few hours after exposure to endotoxin, followed by
a decline to undetectable levels (Martich e al., 1991).

Interestingly, while pro-inflammatory cytokine
involvement in septic shock has been well established
(see above), clinical trials of anti-cytokine therapies
have yielded disappointing results (Table 1). Anti-
TNFa antibody treatment does not increase patient
survival (Cohen and Carlet, 1996; Fisher et al., 1996;
Abraham ez al., 1997,1998; Opal et al.,1997), and in
some cases during phase II clinical trials the result is
adverse (Abraham et al., 1997, 1998). Major phase I1I
clinical trials conducted in the mid-1990s in the US,
Canada, Europe and South Africa showed no statisti-
cally significant differences in the 28-day mortality
rates, although in patdents with shock a general trend
to improvement was observed (Fisher et al., 1996;
Opal ¢t al., 1997). The possible explanations for the
discrepancy between the animal model results and
those observed in the clinical trials include (1) the
heterogeneity of the toxic shock and related syn-
dromes in terms of actiology and clinical manifesta-
tion; (2) involvement of other cytokines in mediation
of shock resulting in circumvention of anti-TNF
treatment or anti-IL-1 treatment; and (3) contribu-
tion of other soluble factors, tissues, organs and sys-
tems to the progression of the shock syndrome
(Chatterjee et al., 1995; Khullar and Chatterjee, 1995;
Campbell ez al., 1997; Wagge and Steinshamn, 1997).
Research is clearly required to develop new complex

animal models to cover the spectrum of clinical situa-
tions, and to investigate other possible mechanisms
involved in mediation of septic shock.

Staphylococcal Food Poisoning

Work with mutant SE proteins suggests that their
‘superantigenicity’ does not correlate with the emetic
response in monkeys (Harris eza/.,1993b; Hovde ez al.,
1994). In mice, however, SEB given intragastrically
induces mucosal T-cell expansion and up-regulation of
cytokine mRNA (Spickermann and Nagler-Anderson,
1998). In human fetal gut explant cultures SEB
produces severe villous atrophy and crypt cell hyper-
plasia. IL-10 down-regulates mucosal T-cell activ-
ation, metalloproteinase production, and loss of
extracellular matrix, and prevents mucosal damage in
the gut (Pender ez al., 1998).

Arthritis and Dermatitis

A role for bacterial superantigens in several chronic
inflammatory diseases has been associated with an
imbalance of the T helper cell subsets and their cyto-
kine production (Weber et al., 2000). Patterns of
synovial and systemic cytokine mRNA expression in
mice with superantigen-mediated SEA-induced
arthritis shows up-regulation of TNF«a and IL-18
mRNA and decrease in anti-inflammatory IL-4 and
IL-10 mRNA expression (Zhao et al., 1996). Similar
results are seen with TSST-1 (Zhao et al., 1995). The
role of IFN7 in the regulation of host-resistance to
SE-induced arthritis has been studied with IFNvy
receptor-deficient mice, which developed a more
severe form of the disease and had a higher incidence
of lethal shock in early stages (Zhao et al., 1995).

SE toxins that colonise skin lesions on patients with
chronic atopic dermatitis induce the production of
GM-CSF, resulting in inhibition of monocyte-
macrophage apoptosis, and thus extending the inflam-
mation (Bratton ez al.,1999). SEA, B, Cl and C2 each
induce strong ICAM-1 expression in organ-cultures of
human keratinocytes. TNFa and protein are over-
produced in keratinocyte cultures, while IL-13 and
IL-lea are expressed at the mRNA level. This increases
cell adhesion molecule expression, which is likely to be

involved in the induction of refractory eczematous

lesions in atopic dermatitis (Matsunaga ez al, 1996).
Superantigens are potent inducers of several pro-
inflammatory cytokines, such as IL-1 and TNFa in
the antigen-presenting cells. In atopic dermatitis
the lesions increase in response to SEB, since IL-4
production by mast cells is decreased (Ackermann
et al.,1998). Skin T cells respond to SEB by producing
1L-2, IL-5, IL-13 and IFN~, but not IL-4, and the
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14 GASTRO-INTESTINAL INFECTIONS: TOXIN-ASSOCIATED DISEASES

response is significantly lower than that produced by
skin T cells from non-allergic atopic dermatitis patients
(Akdis et al., 1999a, b).

Toxic Shock Syndrome Due to

Staphylococcal Enterotoxins

Cytokines have been widely studied in relation to the
lethal shock induced by LPS and the SEs. An extensive
literature and many excellent reviews on the subject
have been published that describe the involvement
of cytokines in LPS-induced shock (Wagge and
Steinshamn, 1997; Karima er al, 1999). The com-
plexitics of cytokine generation in response to SEs are
intertwined with various signal transduction pathways,
which will be considered below. Of the pro-inflam-
matory cytokines, TNF« and especially its synergistic
action with IFN+ has been the subject of numerous
studies. Indeed, mouse models of SE toxicity, in which
mice are compromised with high doses of D-galacto-
saminc (D-Gal) or LPS, have shown that they respond
to the SEs by producing massive amounts of TNFa
(Bette et al., 1993; Miethke ez al., 1993, 1994; Stiles
etal.,1993). Furthermore, in the b-Gal mouse model,
anti-TNFa effectively abrogates lethality while antisera
to IFNy or IL-1 do not (Nagaki et al, 1994; Matthys
et al., 1995). Hepatic apoptosis induced by TNEFq,
followed by nccrosis, may represent a general patho-
biological mechanism of T cell shock models in which
D-galactosamine-sensitised mice are used (Gantner
et al., 1995, 1996, 1997). A murine chimaera model
also shows an increase in pro-inflammatory cytokines
in response to SEB (Yuan ez /., 2000). As was pointed
out above (Table 1), the remarkable success in block-
ing lethality in mice by targeting TNFa cannot be
reproduced in primates, nor is it successful in the
treatment of lethal shock in humans (Cohen and
Carlet, 1996; Fisher et al., 1996; Abraham ez a/., 1997,
1998; Opal et al., 1997). This failure does not detract
from the role of TNFq as an important mediator in
lethal shock. The timing of TNFa production may be

rather brief, as has been seen in non-human primates

and, clearly, many concurrent events contribute to
toxic shock.

The cellular source of the various cytokines has
been studied extensively and correlates with SE-
induced proliferation in T cells. However, in monocyte
cell cultures, SEA, SED and SEE, each of which causes
dimerisation of MHC II molecules on monocytes,
induces gene expression of TNFa and IL-173
(Al-Daccak et al., 1998), while cultures of human
peripheral blood mononuclear cells (PMBC) exposed
to high concentrations of SE show TNFa production
equally by both monocytes and T cells (Andersson

et al., 1989; Andersson and Matsuda, 1989; Fischer
et al., 1990). Under nearly identical conditions, low
concentrations of SEB stimulate TNFo production by
T lymphocytes, rather than from monocytes. The
process depends on protein kinase C and also involves
phosphatidylinositol-3 kinase (Yan et 2l, 1999). The
timing of TNFa production may be very important
in poténtial treatments, and its production in non-
human primates has been shown to take place appro-
ximately 1.5-3 hours after challenge with SEB. In
addition to TNFe, IL-1 secretion by monocytes is also
a major consideration and the balance between IL-18
and its antagonist, IL-1ra, is seriously upset by SEA
stimulation. These alterations in their balance seem to
mediate the inflammatory response (Al-Daccak et al.,
1994). :
Superantigens’ activate large families of T cells,
based on expression of the Vg chain of the T-cell
receptor. As a result, the reactive cells proliferate,
secrete high levels of inflammatory cytokines, and
ultimately become anergic and/or die by apoptosis.
Superantigens cause deletion of specific T cells iz vivo.
As in the case of monocytes, SEB caused the secretion
of a variety of pro-inflammatory cytokines (Gonzalo
et al., 1994b) and mRNA coding for these cytokines
(Koide et al., 1996). Another pro-inflammatory cyto-
kine, IL-6, is massively produced in response to SEA
(Andersson ez al., 1989; Andersson and Matsuda,
1989) and SEB (Mendis et al., 1998). Macrophage
inhibition factor is a likely intermediate in TNF«
production by LPS or SEs in the p-Gal mouse model
(Bozzaetal.,1999)and in cell cultures (Calandra ez a/.,
1998). Production of TNEg, also called lymphotoxin,
is a well-characterised response to stmulation by SE

o > 70 youro 2t
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produced in response to SEs, some workers have <y
shown a second wave of release of the anti-inflamma-
tory cytokines IL-4 and IL-10, which act to down-
regulate IFNyand TNFa (Gonzalo et al., 1994b). The

(Guo et al., 1999). %

In addition to the pro-inflammatory cytokines . 1
S
S =

value of IL-10 in blocking certain actions of SEs has « '

also been described (Bourrie et al., 1996; Hoiden and

Moller, 1996; Sundstedt et al., 1997) and decreased , %

production of IL-10 and IL-12 in peripheral blood RN

mononuclear cells (PBMC) correlates with their S

decreased proliferation whep obtained from elderly

patients (Castle ez al., 1999%EB is much more lethal

to IL-10 knockout mice than to wild-type mice

and concomitantly it produces an increase in pro-

inflammatory cytokines (Hasko ez 2l., 1998). On the

whole, these results suggest that IL-10 plays an

important immunoregulatory role in the response to a

superantigenic stimulus by modulating the shock-

inducing inflammatory response.
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Anti-cytokine Therapy

As we have scen, clinical trials that target various
cytokines have not been successful (Table 1). Various
drugs that have been studied for their usefulness in
treatment of lethal shock have also been used to
counteract cytokines. In a murine model, SEB is
blocked by high doses of retinol during the early phase
{< 6 hours), and by glucocortcoid receptor blockade
with RU-38486 ar a later phase (> 24 hours), but
reversal of the order of the drugs is ineffective
(Gonzalo et al., 1994a).

Dexamethasone is generally ineffective (Weng ez al.,
1999), but in rabbits, pre-treatment with indo-
methacin or dexamethasone blocks SEA-induced fever
and the increased circulating levels of IFN~y, TNFaand
IL-2 (Huang ez al., 1997). Ebsclen protects D-Gal-
sensitised mice from liver injury by SEB and, at the
same time, the release of the pro-inflammatory cyto-
kine TNFa is down-regulated, while the circulating
amount of the anti-inflammatory cytokine IL-10
is increased (Ticgs et al, 1998). Linomide blocks
cytokine production ¢ vitro (Arad et al., 1996). SEA
together with an and-SEA antibody actually increase
TNFa and IL-6 secredon by macrophages, and this
is thought to be due to cross-linking macrophage
MHC I receptors (Wright and Chapes, 1999). Tar-
geting of the NOS mechanism has been successful with

. aminoguanadine (Won ¢r al., 2000) and niacinimide

\QNQ:

i

(LeClaire ¢t al., 1996).

Signal Transduction Pathways

Multi-cellular organisms have developed highly effi-
cient regulatory networks through molecules thar
function as signal transducers and that orchestrate
cellular responses to external sumuli. Signal trans-
duction pathways are hierarchical cascades that origin-
ate at the cell membrane with the embedded receptors
for the appropriate cffector molecules, such as mito-
gens, growth factors, certain hormones, toxins and
many other types of bioactive molecules. By way of
adapter proteins and exchange factors the cell surface
receptors for these effector molecules initiate a myriad
of options for amplifying and /or modifying the output
signal. Ultdmately the signal is transmitted to the
nucleus, where it lcads tqa thange in gene expression
and initiation of the effector-specific cellular process,
such as proliferation. Transmission of signals from the
cell membrane to the nucleus occurs principally by
conversion of a series of proteins to their active state

@ phosphorylation by kinases. Many of the newly

tivated proteins are, themselves, kinases that phos-
phorylate numerous other proteins, and greatly amplify
the signal. Molecules such as guanosine triphosphate

(GTP) and intracellular calcium levels also
play important roles, interdigitating in many cases with
the kinases. A varety of stimuli generate intracellular
responses that converge on varous kinase pathways
(Takakawa et al., 1998). The well-regulated trans-
duction of these signals is crucial for normal cell
behaviour, while aberrant signalling often leads to
diverse pathological consequences.

The Signalling Cascade

Figure 3 is a schematic diagram that attempts to inte-
grate some of the important molecules that participate
in signal transduction, with a focus on the pathways
involved in SE mitogenicactions on lymphocytes. Many
of the stimulators of cell proliferation activate ras, which
binds GTP and in turn activates raf and MAP kinase
(MEK). Mitogen-activated protein kinase (MAPK) isa
serine/threonine kinase, which plays a crucial role in
cell proliferation and differentiation, and is a widely
utilised pathway for signal transmission by diverse
agents including growth factors, mitogenic proteins
and even enterotoxin action on lymphocytes (Cobb
eral. 1991; Bicnis, 1993; Das and Vonderhaar, 1996).
It activates a wide variety of target proteins, including
transcription factors which control gene expression
(Cobb et al., 1991; Nishida and Gotoh, 1993). In
contrast, two novel members of MAPK-related
enzymes exert opposite activities; these are the stress-
activated protein kinase (SAPK) or c¢-Jun N-terminal
kinase (JNK) and p38/MPK2. These two signalling
kinases are activated in responsc to stress-causing
agents, such as UV radiation, actinomycin D or cer-
amide, and they lead to cell cycle arrest and apoptosis.
The Jarius kinases {Jak)/signal transducers and acti-
vators of transcription (STAT) pathway is activated by
numerous cytokines and growth factors and provides
another signal targeting transcription factors. There is
no cvidence that this pathway is directly linked to the
TCR/MHC I receptors. As will be discussed in more
detail below, protein kinase C (PKC) shows wide-
spread action in response to SE exposure and there is
an interdependence between PKC, the phospholipases
and eicosanoids (arachidonic acid metabolites). The
mode of signal transduction for staphylococcal enter-
otoxins is important in order to understand the multi-
functional roles of SE as superantigens. Most signal
transduction studies have been carried out with lym-
phoid cclls, but many important signalling details also
have been established with other cell types (see below).

Kinases Involved with TCR/MHC §

Initial Kinase Actions The staphylococcal enter-
otoxins bind to MHC class II molecules and stimu-
late polyclonal T-cell populations on the basjs of the
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Fig. 3 Arelational sketch showing the interactions of various kinases and related signalling molecutes involved in staphylococcal
enterotoxin-induced signal transduction cascades. The centre structure indicates staphylococcal enterotoxin (SE) binding to the
T-cell receptor (TCR). The kinases ZAP-70, Lck and Fyn are recryited to initiate phosphorylation reactions.

expression of responsive TCR VA domains. Since
TCR and MHC dass 11 molecules do not have
intrinsic tyrosine kinase activity, they must recruit
various other kinases to transduce their signals. Tyr-
osinc phosphorylation of TCR subunits is an
inidal step, along with recruitment and tyrosine phos-
horylation of the protein tyrosine kinase ZAP-70
icdergang et 2/, 1995, 1998). One of the carliest

" biochemical events detccted after TCR stimulation is
the activation of the Src family protein tyrosine kina-
ses, Lck and Fyn, aad, as a consequence, the phos-
phorylation of numerous substrates, including scveral
TCR-CD3 subunits. CD2, an adhesion molecule on
the surface of T cells, has a rchtdively long cyto-
plasmic tail that associates with Lek and Fyn (Migita
¢t al,, 1995). Down-modulation of CD2 on T cells
results in diminished proliferative capacity and

decreased I1-2 production {Fortner et al, 19938)..

-Mice with down-modulated CD2 have de

is may be explained by the fact

binds ZAP-70} SEA or SEB
consistenty stimulate ZAP-70 tyrosine phospho,
tion (Kanner et al., 1995).)

Phosphosphoinositide Cycle During the initial
binding of SE to MHC II/TCR, protein tyrosine
kinase activity increases at TCR-CD3 complexes
(Niedergang ¢ al., 1998), and tyrosine phosphoryla-
tion of phospholipase C-y (PLC-y) occurs in T cells
and in antigen-presenting cells (Conroy et al., 1995).

The TCR complex is thought to activate PLC—y.

through a specific transmembrane adapter protein,
LAT (linker for activation of T cells) (Schraven ez al.,
1999). The activated PLC-y cleaves phosphatidylino-
sitol 4,5-bisphosphate to release two potent signal-
ling molecules, inositol 1,4,5-trisphosphate (IP3),
which increases calcium mobilisation, and diacylgly-
cerol (DAG), a potent stimulator of protein kinase C
(PKC). When peripheral blood mononudiear cells are
stimulated with TSST-1 or SEB, the major cell pro-
ducers of TNFa are T cells. PI-3 kinase regulates

TNFa production in TSST-1- or SEB-treated cells .

and inbibitors of PI-3 kinase block TNFar produc-
tion (Ramirez ¢t al., 1999; Yan ez nl., 1999).

Protein Kinase C Activation Many workers have
identified protcin kinase C (PKC) involvement in
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numerous effects induced by SEs. We have shown
PKC dependence in the SEB-induced appearance of
cell surface adhesion molecules; TNEa, leukotricne
generation and proliferation of lymphoid cells was
blocked by its inhibitors (Yan et 4/, 1999). Altera-
tion of levels of DAG, 2 potent activator of C, by
treatment with inhibitors of phospholipase™~C or
DAG kinase, also altered SEB-induced TNFa
production (Yan ez al, 1999).

_ By means of 2 highly sclective PKC inhibitor, it was
shown by Tctidian et al. (1996) that PKC activation is
essential 19¢ the regulationgSEB-induced cell death.
TSST-1 utilises FEC for s¥;
cytes (Trede et al., 1994). Stimulation of lymphoid
cells by SE results initially in prolifecation, -gzcvcn'
tually apoptosis is induced, an apparcntly contra-
dictory situation. In fact, in contrast to the raditional
proliferative signals just described, another series of
signals is initiated by TNFex, which binds to the so-
called “death domain’ of the p55 TNFa receptor, and
this in turn leads to activation of phospharidylcholine-
specific phospholipase C (PC-PLC). This results in
massive DAG relcasc, and DAG is a potent stimulator
of PKG (Machleidt ez &/, 1996). Itis of interest 1o note
that this may lead to a second, indirect wave of PKC
activation, since it would occur at the time of TNFa
release and be a resuit of its action on the cells.

Protein Tyrosine Kinase Both protcin tyrosine
Kinase (PTK) and PKC play essential roles in HLA
class II molecule-mediated signal transduction cli-
cited by SEB, and PTK may precede PKC activation
in the signalling pathway (Matsayama ¢ 4L, 1993).
TSST-1 akso induces. tyrosine phosphorylation in
human monocytes (Scholl ez &l., 1992). There is no
doubt that PTK activation is involved in important

" aspects of SE stimuladon, however, in our experi-

ence, inhibitors of PTK do not block SEB-stimulated
lymphocyte profifcration. In contrast, herbimydn
and genistein, potent inhibitors of protein tyrosine
kinases, cach protect against SEB-induced cytotoxi-
city, barrier dysfunction, and intercellular gap forma-
tion in pulmonary cndothelial cells (Campbell ez al.,
1997). Another set of SEB-induced responses that
involve PTK include increased expression of the IL-
12/p40 gene in macrophages, which leads to activa-
tion and nuclear translocaton of nuclear factor-xB
(NE-xB). Inhibition of PKC or PKA activation
results in suppression of these activitics (Du and
Sriram, 2000). -

“Interrelationships Between Kinases
PI-3 kinase also ‘activates the mitogen-activated pro-
tein kinase (MAPK) family, and the p38 MAPK is also

transduction in mERo-

" suggests 2 role in T cell survival and /or differentiation

involved in control of TNFa trauslation in human
macrophages. In T cclls, the p38 MAPK ishibitor SB
203580 significantly decreases the secretion of TNFa .
but not its mRNA, but combined use of PI-3 kinasc
with p38 inhibitors has an additive cffect, which
completely blocks TNFa secrction. This suggests that
the PI-3 kinasc and p38 MAPK signalling pathways
arc acting on TNFa translation independently of cach
other.

MAP Kinases The MAPKs are serine/threonine
protein kinascs that transduce signals originaung
from extracellular cvents, such as cell sudface receptor
cngagement, culminating ia the regulation of a ccl-
lular response, such as growth or differentiation
{Seger and Krebs, 1995; Kyriakis and Avruch, 1996).
The MAPKs include the extraccllular signal-regu-
lated kinases (ERKs), the c-Jun N-teominal kinase/
stress activated protein kinases (JNK/SAPK) and the
p38 MAPKs (p38s). These three familics of MAPKs
form three parallel signalling cascades activated by
distinct and sometimes overlapping scts of simuli. In
general, ERKs are activated by mitogeaic factors,
while the JNKs and p38s are activated by stress-indu-
cing agents or pro-inflammatory cytokines (Kyriakis
and Avruch, 1996). Activation of p38 is regulated by
small GTP-binding protcins (Chang et 2/, 1995).
Apoptotic signals can activate p38 via the ASK1
{MAPK kinasc) (Ichijo ez al., 1997).

P38 Extracellular signal-regulated kinase (ERK), c-
Jun N-terminal kinase (JNK), and p38-mitogen-acti-
vated protein kinase (MAPK) pathways control the
transcription and synthesis of TNFa stimulated by
ionomycin (Hoffmeyer ¢t al., 1999). We have repor-

" ted similar results (Mendis e al., 1997), in which

SEB activates all three of these MAPKs, with JNK
the most activated in T cells. Inhibitors of these kina-
ses block TNFe production, CD-69 expression and
cell profiferation induced by SEB in human lymphoid
cclls. Both SE-induced p38 activation and TNFa
release are inhibited by p38 inhibitors (Wadsworth
et al., 1999) and by cyclosporin A (Schafer ¢t i,
1999).

In addition to regulating 11L-1 and TNFa synthesis
by monocytes, p38 also controls scveral other cellular
responses. For example, p38 activity is essential for the
production of IL-10 and prostaglandin H synthasc-2
(PGHS-2) by monocytes (Pouliot et al., 1997; Foey
ez al., 1998), and the production of PGHS-2, metal-
loproteinases and IL-6 by fibroblasts and endothelial
cells (Ridley ¢t #l., 1997; Beyaert et al, 1996). P38 is
constitutively active in mouse thymocytes, which

Sen ez #l., 1996 X IL-2 or IL-7 can induce an increase
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P38 is constitutively active in mouse thymocytes, which suggests a role in T cell survival and/or
differentiation (Schafer et al., 1999)

Page 18. DeSilva (DeSilva et al., 1997)
Pg 18 Salmon(Salmon et al., 1997)
Author query in Reference section
Abraham (page 18) (Abraham et al., 1996)

Abraham, E., Park, Y. C., Covington, P. et al. (1996) Liposomal prostaglandin E! in acute respiratory
distress syndrome: a placebo-controlled, randomized, double-blind, multicenter clinical trial [see
comments]. Crit Care Med 24: 10-15

DeSilva, D. R., Jones, E. A., Feeser, W. S. et al. (1997) The p38 mitogen-activated protein kinase pathway
in activated and anergic Thl cells. Cell Immunol 180: 116-123.

Salmon, R. A, Foltz, I. N., Young, P. R., and Schrader, J. W. (1997) The p38 mitogen-activated protein
kinase is activated by ligation of the T or B lymphocyte antigen receptors, Fas or CD40, but
suppression of kinase activity does not inhibit apoptosis induced by antigen receptors. J Immunol
159: 5309-5317.

Schafer, P. H., Wang, L., Wadsworth, S. A. et al. (1999) T cell activation signals up-regulate p38 mitogen-
activated protein kinase activity and induce TNF-alpha production in a manner distinct from LPS
activation of monocytes. J Immunol 162: 659-668
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in p38 activity in T cell lines (DeSilva ez al., 1997).
Fas-mediated apoptosis of T and B cclls is accom-
panied by p38 activation, but inhibition of p38 activity
alone does not prevent cell death (Salmon er al,
1997). Thus, itis becoming increasingly clear that p38
may participate in a variety of T cell responses.

#The Jak/STAT Pathway The Jak/STAT pathway is

utilised by conventional antigens, numerous cytokines
and growth factors and by the SEs to signal from the
cell membrane to the nucleus. Pathways thar involve
Jaks and STATs are important for hacmatopoietin

! receptor signalling. Many members of the cytokine

receptor superfamily activate the Jak protein tyrosine
kinase family, with resulting phosphorylation of the
STAT transcriptional activator factors. Recent cvi-
dence for a preferendal coupling of Jak3 to IL-2
receptor-y (IL-2Ry) and Jakl to IL-2RS supports
the concept of that srams-activation of Jakl and Jak3
is caused by IL-2-induced heteredimerisation of their
receptor partners. SEA and SEB modulate IL-2
receptor {IL-2R) cxpression and signal transduction
involving the Jak/STAT pathway (Niclsen ¢t &L,
1995). The changes in the composition of I1L-2Rs
are accompanied by inhibition of IL-2-induced tyro-
sine phosphorylation of Jak3, STAT3 and STATS,
and IL-2-driven proliferation is inhibited significandy
{Gerwicn et al., 1999)."Mice exposed to SEA or SEB
also show activation of the Jak/STAT pathway in
their T cells (Gimeno ez al., 1996; Grundstrom ¢z al.,

lbt\her Signalling Molecules

Calcium Mobilisation A change in the level of
calcium is an early event in 2 signal transduction

pathway. SEA-induced, T cell-dependent calcium
n monocytes requires physical interac-

tions Between SEA-MHC class 11, TCR/CD3 and
CD4 molecules. SEB, SEA and TSST-1 mediate a T
cell-dependent  caldum  increase  in  monocytes
(Damaj et al., 1992). The characteristics of the SEA-
mediated calcium mobilisation in monocytes strongly
support the hypothesis that this responsc is an intc-
gral part of the signal transducing machinery linked
to MHC class IT molecules. In cutaneous disorders,
SEB may penctrate the epidermis and interact with
HLA-DR-positive keratinocytes to up-regulate an
adhesion molecule (ICAM-1) by calcium mobilisa-
tion, so contributing to the inflammatory process
(Wakira et 2l., 1995).

Role of Eicosanocids Arachidonic acid (AA) can be

generated from hydrolysis of phospholipids by phos-

pholipase A2 (PLA2). AA can be metabolised by the

cyclooxygenase pathway, resulting in production of
highly potent bioactive lipids such as prostaglandins
(PG) and thromboxancs, or it can be utilised by
lipoxygenases, resulting in the production of leuko-
trienes {LT), lipoxins, and other highly potent mole-
cules. A variety of AA metabolites possess the ability
to modulate immune cell function. One of the most
potent leukotrienes, LTB4, has long been known to
be responsible for respiratory distress by causing
broncho-constriction. Massively increased levels of
LTB4 have been identified and well-characterised in
asthmatics and patients with adult respiratory distress
syndrome. Since onc of the key features of SEB-
induced shock is respiratory distress, it was recog-
nised that leukotrienes are likely to be involved. They
can be generated by many tissues, and lymphoid
cells, well-established targets for the SEs, possess
high levels of various lipoxygenases.

Numerous studies have shown very large increases
in production of cicosanoids, especially leukotricnes,
both ## pitro and in vive in response to SEB exposure
(Jett ez al., 1990, 1992, 1994; Antonelli ¢t al., 1990;
Boyle ¢t al., 1994; Henderson ez al., 1996). We have
recently shown that there is a cross-talk between the AA
pathway and the MAPK signalling pathway. Inhibitors
of the 5-LO pathway block signalling of SEB through
the stress-activated protein kinase pathway, suggesting
a cross-talk between the two signalling pathways
{Mendis ¢t al., 1998). This indicates that the AA
pathway may act upstream of the MAPK pathway in
SEB signal transduction.

References

Abo-Elnaga IG, Hessain A, Sarhan HR (1985) Bacteria
and food poisoning organisms in milk. Nabrung 29:
375-380.

Abraham E, Park YC, Covington P ez /. (1996} Liposomal
prostaglandin E1 in acute respiratory distress syndrome: a
placebo-controlled, randomized, double-blind, muls-
center clinical trial. Crit. Care Med. 24: 10-15.

Abraham E, Glauser MP, Buder T ez al. (1997) p55 tumor
necrosis factor receptor fusion protein in the treatment of
paticnts with scvere sepsis and septic shock. A randomized
controlled multicenter trial. Ro 45-2081 Study Group,
1.277,1531-1538. JAMA 277: 1531-1538.

Abraham E, Anzueto A, Gutierrez G ¢t al. (1998) Double-
blind randomised controlled trial of monoclonal antibody
to human tumour necrosis factor in treatment of
septic shock. NORASEPT Il Study Group. Lances 351:
929-933.

Ackermann L, Petkonen J, Harvima IT (1998) Staphylococ-
cal enterotoxin B inhibits the production of interleukin-
4 in 2 human mast-cell line HMC-1. Immunology 94:
247-252,

*xx TOTAL PAGE. 05 *:x

Ru. Q: P
thk. repeci
hion of pa

fxxcat.




The Staphylococcal Enterotoxins 19

Adesiyun AA (1994) Bacteriological quality and associated
public health risk of pre-processed bovine milk in
Trinidad. Ins. J. Food Microbiol. 21: 253-261.

Adesiyun AA (1995) Characteristics of Staphylococcus aurcus
strains isolated from bovine mastitic milk: bacteriophage
and antimicrobial agent susceptibility, and enterotoxi-
genicity. Zbl. Veterinarmed. B 42: 129-139.

Adesiyun AA, Balbirsingh V (1996) Microbiological analysis
of ‘black pudding’, a Trinidadian delicacy and health risk
to consumers. Int. J. Food Microbiol. 31: 283-299.

Adesiyun AA, Webb LA, Romain HT (1998) Prevalence and
characteristics of Staphylococcus aurveus strains isolated
from bulk and composite milk and cattle handlers. J. Food
Prot. 61: 629-632.

Akdis CA, Akdis M, Simon D ez a/. (1999a) T cellsand T cell-
derived cytokines as pathogenic factors in the nonaller-
gic form of atopic dermatitis. J. Invest. Dermatol. 113:
628-634.

Akdis M, Simon HU, Weigl L ez al. (1999b) Skin homing
(cutancous  lymphocyte-associated  antigen-positive)
CD8+ T cells respond to superantigen and contribute to
eosinophilia and IgE production in atopic dermatitis.
J. Immunol. 163: 466-475.

Al Bustan MA, Udo EE, Chugh TD (1996) Nasal carriage of
enterotoxin-producing Staphylococcus aurens among res-
taurant workers in Kuwait City. Epidemiol. Infect. 116:
319-322.

Alber G, Hammer DK, Fleischer B (1990) Relationship
between enterotoxic- and T lymphocyte-stimulating
activity of staphylococcal enterotoxin. Br. J. Immunol.
144: 4501-4506.

Al-Daccak R, Mchindate K, Damdoumi F et al. (1998)
Staphylococcal enteratoxin D is a promiscuous super-
antigen offering multiple modes of interactions with the
MHC class Il receptors. J. Immunol. 160: 225-232.

Al-Daccak R, Mchindate K, Poubelle PE, Mourad W (1994)
Signalling via MHC class IT molecules selectively induces
IL-1 beta over IL-1 receptor antagonist gene expression.
Biochem. Biophys. Res. Commun. 201: 855-860.

Andersson U, Matsuda T (1989) Human interleukin 6 and
tumor necrosis factor alpha production studied at a single-
cell level. Eur. J. Immunol. 19: 1157-1160.

Andersson U, Adolf G, Dohlsten M et #l. (1989) Characteri-
zation of individual tumor necrosis factor alpha-and
beta-producing cells after polyclonal T cell activation.
J. Immunol. Methods 123: 233-240.

Antonelli G, Mastino A, Amicucci P ez a/. (1990) Mechanism
of production of interferon-gamma: role of arachi-
donic acid metabolites. J. Biol. Regul. Homeost. Agents
4:13-18.

Anunciacao LL, Linardi WR, do Carmo LS, Bergdoll MS
(1995) Production of staphylococcal enterotoxin A
in cream-filled cake. Int. J. Food Microbiol. 26: 259-263.

Araake M, Uchiyama T, Imanishi K, Yan XJ (1991 ) Activation
of human vascular endothelial cells by IFN-gamma:
acquisition of HLA class 1I expression, TSST-1-binding
activity and accessory activity in T cell activation by the
toxin. Int. Arch. Allergy Appl. Immunol. 96: 55-61.

Arad G, Katzencllenbogen M, Levy R et al. (1996)
Linomide, an immunomodulator that inhibits Th1 cyto-
kine gene expression. Int. Immunol. 8:1603-1607.

Avery AC, Markowitz JS, Grusby MJ ez al. (1994) Activation
of T cells by superantigen in class II-negative mice.
J. Immunol. 153: 4853-4861.

Barry W, Hudgins L, Donta ST, Pesanti EL (1992)
Intravenous immunoglobulin therapy for toxic shock
syndrome. JAMA 267: 3315-3316.

Bautista L, Gaya P, Medina M, Nunez M (1988) A
quantitative study of enterotoxin production by sheep
milk staphylococci. Appl. Environ. Microbiol. 54: 566~
569.

Bayles KW, landolo JJ (1989) Genetic and molecular
analyses of the gene encoding staphylococcal enterotoxin
D. J. Bacteriol. 171: 4799-4806.

Beery JT, Taylor SL, Schlunz LR et al. (1984) Effects of
staphylococcal enterotoxin A on the rat gastrointestinal
tract. Infect. Immun. 44: 234-240.

Bentley AJ, Zorgani AA, Blackwell CC ez al. (1997) Bacterial
toxins and sudden unexpected death in a young child.
Forensic Sci. Int. 88: 141-146. .

Bergdoll MS (1972) The nature of bacterial toxins. Clin.
Toxicol. 5: 441-451.

Bergdoll MS, Robbins RN, Weiss K et al (1973)
The staphylococcal enterotoxins: similarities. Contrib.
Microbiol. Immunol. 1: 390-396.

Bergdoll MS, Huang 1Y, Schantz EJ (1974) Chemistry
of the staphylococcal enterotoxins. J. Agric. Food Chem.
22:9-13.

Bergdoll MS, Reiser RF, Crass BA ez a/. (1985) Toxic shock
syndrome - the role of the toxin. Postgrad. Med. ]. 61
(Suppl 1): 35-38.

Bernard GR, Wheeler AP, Russell JA ez al. (1997) The effects
of ibuprofen on the physiology and survival of patients
with sepsis. The Ibuprofen in Sepsis Study Group. N.
Engl. J. Med. 336:912-918.

Betley MJ, Mckalanos JJ (1985) Staphylococcal enterotoxin
A is encoded by phage. Science 229: 185-187.

Betley MJ, Borst DW, Regassa LB (1992) Staphylococcal
enterotoxins, toxic shock syndrome toxin and strepto-
coccal pyrogenic exotoxins: a comparative study of their
molecular biology. Chem. Immunol. 55: 1-35.

Bette M, Schafer MK, van Rooijen N. ez al (1993)
Distribution and kinetics of superantigen-induced cyto-
kine gene expression in mouse spleen. J. Exp. Med. 178:
1531-1539.

Beyaert R, Cuenda A, Vanden Berghe W ez al. (1996) The
p38/RK mitogen-activated protein kinase pathway reg-
ulates interleukin-6 synthesis in response to tumor
necrosis factor. EMBO J. 15:1914-1919.

Bezek DM, Hull BL (1995) Peracute gangrenous
mastitis and cheilitis associated with enterotoxin-
secreting Staphylococcus anrens in a goat. Can. Ver. J.
36: 106-107.

Blenis J (1993) Signal transduction via the MAP kinascs:
proceed at your own RSK. Proc. Natl Acad. Sci. USA 90:
5889-5892.




20 GASTRO-INTESTINAL INFECTIONS: TOXIN-ASSOCIATED DISEASES

Bohach GA (1997) Staphylococcal enterotoxins B and C.
Structural requirements for superantigenic and entertoxi-
genic activities. Prep. Biochem. Biotechnol. 27: 79-110.

Bohach GA, Fast DJ, Nelson RD, Schlicvert PM (1990)
Staphylococcal and  streptococcal pyrogenic  toxins
involved in toxic shock syndrome and related illnesses.
Crit. Rev. Microbiol. 17:251-272.

Bouletrcau P, Ray MJ, Bret M ez al. (1984) Staphylococcal
toxic shock syndrome. Ann. Fr. Anesth. Reanim. 3:
309-311.

Bourrie B, Benoit JM, Derocq JM er al. (1996) A sigma
ligand, SR 31747A, potently modulates staphylococcal
enterotoxin B-induced cytokine production in mice.
Immunology 88: 389-393.

Boyle T, Lancaster V, Hunt R ¢z al. (1994) Method for
simultaneous isolation and quantitation of platelet acti-
vating factor and multiple arachidonate metabolites
from small samples: analysis of effects of Staphylococcus
aureys enterotoxin B in mice. Anal. Biochewm. 216: 373~
382.

Bozza M, Satoskar AR, Lin G et al. (1999) Targeted
disruption of migration inhibitory factor gene reveals its
critical role in sepsis. J. Exp. Med. 189: 341-346.

Bratton DL, May KR, Kailey JM ez al. (1999) Staphylococcal
toxic shock syndrome toxin-1 inhibits monocyte apopto-
sis. J. Allergy Clin. Immunol. 103: 895-900.

Brocke S, Piercy C, Steinman L (1996) Superantigens in
demyelinating disease. Springer Semin. Immunopathol.
18:51-56.

Bunikowski R, Mielke M, Skarabis H ez a/. (1999) Prevalence
and role of serum IgE antibodies to the Staphylococcus
aurcus-derived superantigens SEA and SEB in children
with atopic dermatitis. J. Allergy Clin. Immunol. 103:
119-124.

Burdova O, Dudrikova E, Gasincova E, Pleva J (1994)
Determination of staphylococcal enterotoxins in milk
and mitk products by three methods. Arch. Ver. Pol. 34:
69-74.

Calandra T, Spicgel LA, Metz CN, Bucala R (1998)
Macrophage migration inhibitory factor is a critical
mediator of the activation of immune cells by exotoxins
of Gram-positive bacteria. Proc. Nat! Acad. Sci. USA 95:
11383-11388.

Campbell WN, Fitzpatrick M, Ding X ez a/. (1997) SEB is
cytotoxic and alters EC barrier function through protein
tyrosine phosphorylation. Am. J. Physiol. 273: 1.31-39.

Carmo LS, Dias RS, Linardi VR ez 4/. (2001) Staphylococcal
food poisoning outbreak envolving 42 people at a
s in the municipality of Passos, Minas Gerais

P feestarsant :
(Brazil). Rev. Microbiol., Sao Paulo (in press).
’ Castle SC, Uyemura K, Crawford W ez al. (1999) Age-

related impaired proliferation of peripheral blood mono-
nuclear cells is associated with an increase in both IL-10
and IL-12. Exp. Gerontol. 34: 243-252.

Chang PY, Le Marchand-Brustel Y, Cheatham LA,

Moller DE (1995) Insulin stimulation of mitogen-
activated protein kinase, p90rsk, and p70 S6 kinase in
skeletal muscle of normal and insulin-resistant mice.

Implications for the regulation of glycogen synthase.
J. Biol. Chem. 270: 29928-29935.

Chatterjee S, Jett M (1992 ) Glycosphingolipids: the putative
receptor for  Staphylococcus aurews entcrotoxin-B in
human " kidney proximal tubular cells. Mol Cell.
Biochem. 113: 25-31.

Chatterjee S, Khullar M, Shi WY (1995) Digalactosyl-
ceramide is the receptor for staphylococcal enterotoxin-
B in human kidney proximal tubular cells. Glycobiology 5:
327-333.

Childs C, Edwards Jones V, Dawson M, Davenport PJ
(1999) Toxic shock syndrome toxin-1 (TSST-1)antibody
levels in burned children. Burns 25: 473-476.

Chintagumpala MM, Mollick JA, Rich RR (1991} Staphylo-
coccal toxins bind to different sites on HLA-DR.
J. Immunol. 147: 3876-3881.

Choi YW, Herman A, DiGiusto D et al (1990) Residues of
the variable region of the T-cell-receptor beta-chain that
interact with Staph. aureus toxin superantigens. Nature
346: 471-473.

Cobb MH, Boulton TG, Robbins DJ (1991) Extracellular
signal-regulated kinases: ERKs in progress. Celf Regul. 2:
965-978.

Cohen ], Carlet J (1996) INTERSEPT: an international,
multicenter, placebo-controlled trial of monoclonal anti-
body to human tumor necrosis factor « in patients with
sepsis. International Sepsis Trial Study Group. Crit. Care
Med. 24:1431-1440.

Conroy LA, Jenkinson EJ, Owen JJ, Michell RH (1995)
Phosphatidylinositol 4,5-bisphosphate hydrolysis accom-
panies T cell receptor-induced apoptosis of murine
thymocytes within the thymus. Eur. J. Immunol. 25:
1828-1835.

Crass BA, Bergdoll MS (1986) Toxin involvement in toxic
shock syndrome. J. Infect. Dis. 153: 918-926.

Curtis N, Chan B, Levin M (1994) Toxic shock syndrome
toxin-secreting Staphylococcus aurens in Kawasaki syn-
drome fletter; comment]. Lancet 343: 299.

Curtis N, Zheng R, Lamb JR, Levin M (1995) Evidence fora
superantigen mediated process in Kawasaki disease. Arch.
Dis. Child. 72: 308-311.

Daly K, Nguyen P, Hankley D ez al. (1995) Contribution of
the TCR alpha-chain to the differential recognition of
bacterial and retroviral superantigens. J. Immunol. 155:
27-34.

Damaj B, Mourad W, Naccache PH (1992) Superantigen-
mediated human monocyte-T lymphocyte interactions
are associated with an MHC class II-, TCR/CD3-, and
CD4-dependent mobilization of calcium in monocytes.
J. Immunol. 149: 1497-1503.

Das R, Vonderhaar BK(1996) Activation of raf-1, MEK, and
MAP kinase in prolactin responsive mammary cells. Breast
Cancer Res. Treat. 40: 141-149.

Deckhut AM, Chien Y, Blackman MA, Woodland DL
(1994) Evidence for a functional interaction between
the beta chain of major histocompatibility complex class 11
and the T cell receptor alpha chain during recognition of a
bacterial superantigen. J. Exp. Med. 180: 1931-1935.



The Staphylococcal Enterotoxins 21

Desmarchelier PM, Higgs GM, Mills L er al. (1999)
Incidence of coagulase positive Staphylococcus on beef
carcasses in three Australian abattoirs. Int. J. Food
Microbiol. 47:221-229.

Dhainaut JF, Tenaillon A, Le Tulzo Y e al. (1994) Platelet-
activating factor receptor antagonist BN 52021 in the
treatment of severe sepsis: a randomized, double-blind,
placebo-controlled, multicenter clinical trial. BN 52021
Sepsis Study Group. Crit. Care Med. 22: 1720-1728.

Di Stefano A, Paulesu L, Niccolai N ef a/. (1998) Identifica-
tion of critical residues of staphylococcal enterotoxin B for
lymphomonocyte proliferation and cytokine production.
J. Pept. Res. 52:130-136.

Dinarello CA (1997) Role of pro- and anti-inflammatory
cytokines during inflammation: experimental and clinical
findings. J. Biol. Regul. Homeost. Agents 11: 91-103.

Dinges MM, Orwin PM, Schlievert PM (2000) Exotoxins of
Staphylococcus aurcus. Clin. Microbiol. Rev. 13: 16-34.

Doherty GM, Lange JR, Langstein HN et al. (1992)
Evidence for IFNy as mediator of the lethality of
endotoxin and tumor necrosis factor alpha. J. Immunol.
149: 1666-1670.

Du C, Sriram S (2000) Induction of interleukin-12 /p40 by
superantigens in macrophages is mediated by activation of
nuclear factor-kappaB. Cell. Immunol. 199: 50-57.

Eisele B, Lamy M, Thijs LG ¢z al. (1998) Antithrombin III
in patients with severe sepsis. A randomized, placebo-
controlled, double-blind multicenter trial plus .a
meta-analysis on all randomized, placebo-controlled,
double-blind trials with antithrombin IH in severe sepsis.
Intensive Care Med. 24: 663-672.

Farmer BA, Bradley JS, Smiley PW (1985) Toxic shock syn-
drome in a scald burn victim. J. Trauma 25:1004-1006.

Fields BA, Malchiodi EL, Li H. ez al. (1996) Crystal struc-
ture of a T-cell receptor beta-chain complexed with a
superantigen. Nature 384: 188-192.

Fischer H, Dohlsten M, Andersson U ez al. (1990) Produc-
tion of TNF-alpha and TNF-beta by staphylococcal
enterotoxin A activated human T cells. J. Immunol.
144: 4663-4669.

Fisher CJ Jr, Agosti JM, Opal SM et al. (1996) Treatment
of septic shock with the tumor necrosis factor
receptor:Fe fusion protein. The Soluble TNF Receptor
Sepsis Study Group. N Engl. J. Med. 334: 1697-1702.

Focy AD, Parry SL, Williams LM et al. (1998) Regulation of
monocyte IL-10 synthesis by endogenous IL-1 and TNF-
: role of the p38 and p42 /44 mitogen-activated protein
kinases. J. Immunol. 160: 920-926.

Fortner KA, Russell JQ, Budd RC (1998) Down-modula-
tion of CD2 delays deletion of superantigen-responsive
T cells. Eur. J. Immunol. 28: 70-79.

Francisco Polledo JJ, Garcia ML, Moreno B, Menes I(1985)
Importance of food handlers as a source of enterotoxi-
genic staphylococci. Zbl. Bakteriol. Mikrobiol. Hyg. B 181:
364-373.

Fraser JD, Urban RG, Strominger JL, Robinson H (1992)
Zinc regulates the function of two superantigens. Proc.
Natl Acad. Sci. USA 89: 5507-5511.

Fujiki M, Shinbori T, Suga M et al. (1999) Role of T cells
in bronchoalveolar space in the development of intersti-
tial pneumonia induced by superantigen in autoimmune-
prone mice. Am. J. Respir. Cell. Mol. Biol. 21: 675-683.

Fujisawa N, Hayashi S, Kurdowska A et al. (1998) Staphylo-
coccal enterotoxin A-induced injury of human lung
endothelial cells and IL-8 accumulation are mediated by
TNEF-alpha. J. Immunol. 161: 5627-5632.

Gantner F, Leist M, Jilg S et al. (1995) Tumor necrosis
factor-induced hepatic DNA fragmentation as an early
marker of T cell-dependent liver injury in mice.
Gastroenterology 109: 166-176.

Gantner F, Leist M, Kusters S ez a/. (1996) T cell stimulus-
induced crosstalk between lymphocytes and liver macro-
phages results in augmented cytokine release. Exp. Cell
Res. 229:137-146.

Gantner F, Kusters S, Wendel A ez a/. (1997) Protection from
T celi-mediated murine liver failure by phosphodiesterase
inhibitors. J. Pharmacol. Exp. Ther. 280: 53-60.

Garcia ML, Moreno B, Bergdoll MS (1980) Characteriza-
tion of staphylococci isolated from mastitic cows in Spain.
Appl. Environ. Microbiol. 39: 548-553.

Germain RN (1994) MHC-dependent antigen processing
and peptide presentation: providing ligands for T lym-
phocyte activation. Cell 76: 287-299.

Gerwien ], Nielsen M, Labuda T ez al. (1999) Cutting edge:
TCR stimulation by antibody and bacterial superantigen
induces Stat3 activation in human T cells. . Immunol.
163: 1742-1745.

Gilmour A, Harvey J (1990) Staphylococci in mitk and milk
products. Soc. Appl. Bacteriol. Symp. Ser. 19:1475-1668.

Gimeno R, Codony-Servat ], Plana M et al. (1996) Statl
implication in the immune response to superantigens.
J. Immunol. 156: 1378-1386.

Gonzalo JA, Gonzalez-Garcia A, Kalland T ez al. (1994a)
Linomide inhibits programmed cell death of peripheral
T cells. Eur. . Immunol. 24: 48-52.

Gonzalo JA, Tarazona R, Schuurman HJ ez al. (1994b)
A single injection of Staphylococcus anreus enterotoxin B
reduces autoimmunity in MRL/lpr mice. Clin. Immunol.
Immunopathol. 71: 176-182.

Granovitz EA (1993) Hematological and immunomodula-
tory effects of an IL-1 receptor antagonist confusion
during low-dose endotoxemia in healthy humans. Blood
82:2985-2990. ,

Granowitz EV, Porat R, Mier JW ez al. (1993) Intravenous
endotoxin suppresses the cytokine response of peripheral
blood mononuclear cells of healthy humans. J. Immunol.
151: 1637-1645.

Grundstrom S, Dohlsten M, Sundstedt A (2000) IL-2
unresponsiveness in anergic CD4+ T cells is due to
defective signaling through the common gamma-chain
of the IL-2 receptor. J. Immunol. 164:1175-1184.

Guo W, Mourad W, Charron D, Al-Daccak R (1999)
Ligation of MHC class II molecules differentially
upregulates TNF beta gene expression in B cell lines of
different MHC class I1 haplotypes. Hum. Immunol. 60:
312-322.



22 GASTRO-INTESTINALINFECTIONS: TOXIN-ASSOCIATED DISEASES

Harris TO, Grossman D, Kappler JW e al. (1993a) Lack of
complete correlation between emetic and T-cell-stimula-
tory activitics of staphylococcal enterotoxins. Infect.
Immun. 61: 3175-3183.

Harris TO, Hufnagle WO, Betley MJ (1993b) Staphylococ-
cal enterotoxin type A internal deletion mutants: sero-
logical activity and induction of T-cell proliferation.
Infect. Immun. 61: 2059-2068.

Hasko G, Virag L, Egnaczyk G. ez al. (1998) The crucial role
of IL-10 in the suppression of the immunological
response in mice exposed to staphylococcal enterotoxin
B. Eur. . Immunol. 28: 1417-1425.

He XW, Goronzy J, Weyand C (1992) Selective induction of
rheumatoid factors by superantigens and human helper
T cells. J. Clin. Invest. 89: 673-680. ’

Henderson B, Poole S, Wilson M (1996) Bacterial modu-
lins - a novel class of virulence factors which cause host
tissuc pathology by inducing cytokine synthesis. Micro-
biol. Rev. 60: 316 ff.

Herman A, Croteau G, Sckaly RP ez al. (1990) HLA-DR
alleles differ in their ability to present staphylococcal
enterotoxins to T cells. J. Exp. Med. 172: 709-717.

Herrmann T, Accolta RS, MacDonald HR (1989) Different
staphylococcal enterotoxins bind preferentially to distinct
major histocompatibility complex class II isotypes. Eur.
J. Immunol. 19:2171-2174.

Heywood AJ, al-Essa S (1990) Toxic shock syndrome in
child with only 2% burn [letter]. Lancer 335: 867.

Hoffman M, Tremaine M, Mansfield J, Betey M (1996)
Biochemical and mutational analysis of the histidine
residues of staphylococcal enterotoxin A. Infect. Immun.
64: 885-890.

Hoffimeyer A, Grosse-Wilde A, Flory E er al. (1999)
Different mitogen-activated protein kinase signaling
pathways cooperate to regulate tumor necrosis factor
alpha gene expression in T lymphocytes. J. Biol. Chem.
274:4319-4327.

Hoiden I, Moller G (1996) CD8+ cells are the main
producers of IL10 and IFN gamma after superantigen
stimulation. Scand. J. Immunol. 44: 501-505.

Holmberg SD, Blake PA (1984) Staphylococcal food
poisoning in the United States. New facts and old
misconceptions. JAMA 251: 487-489.

Hovde CJ, Marr JC, Hoffmann ML ez al. (1994) Investiga-
tion of the role of the disulphide bond in the activity
and structure of staphylococcal enterotoxin Cl. Mol
Microbiol. 13: 897-909.

Huang WT, Lin MT, Won SJ (1997) Staphylococcal
enterotoxin A-induced fever is associated with increased
circulating levels of cytokines in rabbits. Infect. Immun.
65: 2656-2662.

Hurley JM, Shimonkevitz R, Hanagan A er al. (1995)
Identification of class II major histocompatibility com-
plex and T cell receptor binding sites in the superantigen
toxic shock syndrome toxin 1. J. Exp. Med. 181: 2229-
2235.

Tandolo JJ, Tweten RK (1988) Purification of staphylococcal
enterotoxins. Methods Enzymol. 165: 43-52.

Ibrahim GF, Radford HM, Fell LR (1980) Determination of
staphylococcal enterotoxin A in cheddar cheese produced
without starter activity. Appl. Environ. Microbiol. 39:
1134-1137.

Ichijo H, Nishida E, Irie K ez al (1997) Induction of
apoptosis by ASK1, a mammalian MAPKKX that activates
SAPK/JNK and p38 signaling pathways. Science 275:
90-93.. :

Ionin B, Das R, Jett M (2000) Staphylococcal enterotoxin B
induces apoptosis in human kidney cells. FASEB J. 14:
Al187.

Jablonsky MJ, Subramaniam PS, Johnson HM ¢t a/. (1997)
The solution structure of a class II major histocompati-
bility complex superantigen binding domain. Biochem.
Biophys. Res. Commun. 234: 660~665.

Jacobson JA, Kasworm EM, Reiser RF, Bergdoll MS (1987)
Low incidence of toxic shock syndrome in children with
staphylococcal infection. Am. J. Med. Sci. 294:403-407.

Jacobson JA, Kasworm E, Daly JA (1989) Risk of developing
toxic shock syndrome associated with toxic shock syn-
drome toxin 1 following nongenital staphylococcal infec-
tion. Rev. Infect. Dis. 11 (Suppl. 1): S8-13.

Jardetzky TS, Brown JH, Gorga JC et al. (1994) Three-
dimensional structure of a human class II histocompati-
bility molecule complexed with superantigen. Natxre
368:711-718.

Jett M, Brinkley W, Neill R et al. (1990) Staphylococcus
aurcus enterotoxin B challenge of monkeys: correlation of
plasma levels of arachidonic acid cascade products with
occurrence of illness. Infect. Immun. 58: 3494-3499.

Jett M, Hunt RE, Pitts L et al (1992) Staphylococcal
enterotoxins B aerosol challenge in Monkeys: early
producton of PAF, TNF and arachidonate metabolites
was predictive of illness or death. In: Waldstrom T
(ed.) 7th International Symposium on Staphylococci and
Staphylococcal Infections. Stockholm: Karolinska Press,
pp- 160-161.

Jett M, Neill R, Welch C ¢z al. (1994) Identification of
staphylococcal enterotoxin B sequences important for
induction of lymphocyte proliferation by using synthetic
peptide fragments of the toxin. Inmfect. Immun. 62:
3408-3415.

Johns MB Jr, Khan SA (1988) Staphylococcal enterotoxin B
gene is associated with a discrete genetic element.
J. Bacteriol. 170: 4033-4039.

Johnson HM, Russell JK, Pontzer CH (1991) Staphylo-
coccal enterotoxin microbial superantigens. FASEB J. 5:
2706-2712.

Johnson HM, Torres BA, Soos JM (1996) Superantigens:
structure and relevance to human disease. Proc. Soc. Exp.
Biol. Med. 212: 99-109.

Jozefczyk Z (1973) Presence of antienterotoxins A and B in
human serum in staphylococcal infection. Contrib. Micro-
biol. Immunol. 1: 448-449.

Kain KC, Schulzer M, Chow AW (1993) Clinical spectrum of
nonmenstrual toxic shock syndrome (TSS): comparison
with menstrual TSS by multivariate discriminant analyses.
Clin. Infect. Dis. 16: 100-106.




The Staphylococcal Enterotoxins 23

Kanner SB, Grosmaire LS, Blake J e£ af. (1995) ZAP-70 and
p72syk are signaling response elements through MHC
class IT molccules. Tissue Antigens 46: 145-154.

Kappler JW, Herman A, Clements J, Marrack P (1992)
Mutations defining functional regions of the super-
antigen staphylococcal enterotoxin B. J. Exp. Med. 175:
387-396.

Karima R, Matsumoto S, Hidemitsu H, Matsushima K
(1999) The molecular pathogenesis of endotoxic shock
and organ failure. Mol. Med. Today 5: 123-132.

Kayihura M, Kaburia HF, Arimi SM and Lindqvist KJ (1987)
Staphylococcal enterotoxin ‘A’ in raw and pasteurized
milk. East Afr. Med. J. 64:177-182.

Keane WF, Gekker G, Schlievert PM, Peterson PK (1986)
Enhancement of endotoxin-induced isolated renal tubu-
lar cell injury by toxic shock syndrome toxin 1. Am. J.
Pathol. 122: 169-176.

Khullar M, Chatterjee S (1995) Staphylococcal enterotoxin-
B (SEB) alters [14C}-choline transport and phosphati-
dylcholine metabolism in cultured human kidney
proximal tubular cells. Mol. Cell. Biochem. 146:115-120.

Knudsen KL, Sawitzke AD, Cole BC (1997) The Super-
antigen Mycoplasma arthritidis Mitogen (MAM). In:
Leung DYM, Huber BT, Schlievert PM (eds) Super-
antigens. Molecular Biology, Immunology, and Relevance
to Human Diseases. New York, Basel, Hong Kong: Marcel
Dekker, pp. 339-367.

Koide Y, Uchijima M, Yoshida A, Yoshida TO (1996) Effect
of staphylococcal enterotoxin B-induced anergy on cyto-
kine gene expression: anergy-sensitive and resistant
mRNA expression. J. Interferon Cytok. Res. 16:225-236.

Krakauer T (1996) Detection of adhesion of superantigen-
activated T lymphocytes to human endothelial cells by
ELISA. J. Immunoassay 17: 1~12.

Kushnaryov VM, MacDonald HS, Reiser RF, Bergdoll MS
(1989) Reaction of toxic shock syndrome toxin 1 with
endothelium of human umbilical cord vein. Rep. Infect.
Dis. 11 (Suppl. 1): $282-287; discussion S287-288.

Kyriakis JM, Avruch J (1996) Protein kinase cascades
activated by stress and inflammatory cytokines. Bioassays
18: 567-568.

LeClaire RD, Kell W, Bavari S et al. (1996) Protective effects
of niacinamide in staphylococcal enterotoxin-B-induced
toxicity. Toxicology 107: 69-81.

Leder L, Llera A, Lavoiec PM ez al. {1998) A mutational
analysis of the binding of staphylococcal enterotoxins B
and C3 to the T cell receptor beta chain and major
histocompatibility complex class II. J. Exp. Med. 187:
823-833.

Lee PK, Vercellotti GM, Deringer JR, Schlievert PM (1991)
Effects of staphylococcal toxic shock syndrome toxin 1
on aortic endothelial cells. J. Infect. Dis. 164: 711-719.

Lee VT, Chang AH, Chow AW (1992) Detection of
staphylococcal enterotoxin B among toxic shock syn-
drome (TSS)- and non-TSS-associated Staphylococcus
aureusisolates. J. Infect. Dis. 166: 911-915.

Leung DY, Harbeck R, Bina P et al (1993a) Presence
of IgE antibodies to staphylococcal exotoxins on the

skin of patients with atopic dermatitis. Evidence for
a new group of allergens. J. Clin. Invest. 92: 1374-
1380.

Leung DY, Meissner HC, Fulton DR et al. (1993b) Toxic
shock syndrome toxin-secreting Staphylococcus anrens in
Kawasaki syndrome. Lancet 342: 1385-1388.

Leung DY, Gately M, Trumble A ez al. (1995) Bacterial

superantigens induce T cell expression of the skin- .

sclective homing receptor, the cutaneous lymphocyte-

associated antigen, via stimulation of interleukin 12

production. J. Exp. Med. 181:747-753.

H, Llera A, Mariuzza RA (1998a) Structure-function

studics of T-cell receptor-superantigen interactions.

Immunol. Rev. 163:177-186.

Li H, Llera A, Tsuchiya D et al. (1998b) Three-dimensional
structure of the complex between a T cell receptor beta
chain and the superantigen staphylococcal enterotoxin B.
Immanity 9: 807-816.

Liu CT, DeLauter RD, Griffin MJ, Faulkner RT (1978a)
Effect of staphylococcal enterotoxin B on cardiorenal
functions in rhesus macaques. Am. J. Vet. Res. 39:
279-286.

Liu CT, Griffin MJ, Hilmas DE (1978b) Effect of staphy-
lococcal enterotoxin B on cardiorenal functions and
survival in X-irradiated rhesus macaques. Am. J. Ver.
Res. 39:1213-1217.

MacDonald KL, Osterholm MT, Hedberg CW et al. (1987)
Toxic shock syndrome. A newly recognized complication
of influenza and influenza like illness. JAMA 257: 1053~
1058.

Machleidt T, Kramer B, Adam D ¢t 2l (1996) Function of
the pS5 tumor necrosis factor receptor ‘death domain’
mediated by phosphatidylcholine-specific phospholipase
C. J. Exp. Med. 184:725-733.

Mahana W, al-Daccak R, Leveille C ez a2/ (1995) A natural
mutation of the amino acid residuc at position 60 destroys
staphylococcal enterotoxin A murine T-cell mitogenicity.
Infect. Immun. 63: 2826-2832.

Malchiodi EL, Eisenstein E, Ficlds BA et al. (1995) Super-
antigen binding to a T cell receptor beta chain of known
three-dimensional structure. J. Exp. Med. 182: 1833
1845.

Marodi L, Kaposzta R, Rozgonyi F, Bergdoll MS (1995)
Staphylococcal enterotoxin A involvement in the illness of
a 20-month-old burn patient. Pediatr. Infect. Dis. J. 14:
632-634.

Marr JC, Lyon JD, Roberson JR ez al. (1993) Characteriza-
tion of novel type C staphylococcal enterotoxins: biolo-
gical and evolutionary implications. Infect. Immun. 61:
4254-4262.

Marrack P, Kappler J (1990) The staphylococcal entero-
toxins and their relatives. Science 248: 1066.

Martich DD, Danner RL, Ceska M et al. (1991) Detection
of interleukin 8 and tumor necrosis factor in normal
humans after intravenous endotoxin: the effect of anti-
inflammatory agents. J. Exp. Med. 173: 1021-1024.

Matsumoto Y, Fujiwara M (1993) Immunomodulation of
experimental  autoimmune  encephalomyelitis by

Li




g

24 GASTRO-INTESTINALINFECTIONS: TOXIN-ASSOCIATED DISEASES

staphylococcal enterotoxin D. Cell. Immunol. 149:
268-278.

Matsunaga T, Katayama I, Yokozeki H, Nishioka K (1996)
Superantigen-induced cytokine expression in organ-
cultured human skin. J. Dermatol. Sei. 11: 104-110.

Matsuyama S, Koide Y, Yoshida TO (1993) HLA class 11
molecule-mediated  signal  transduction  mechanism
responsible for the expression of interleukin-1 beta and
tumor necrosis factor-alpha genes induced by a staphylo-
coccal superantigen. Eur. J. Immunol. 23: 3194-3202.

Matthys P, Mitera T, Heremans H ez al. (1995) Anti-gamma
interferon and anti-interleukin-6 antibodies affect
staphylococcal  entcrotoxin - B-induced  weight loss,
hypoglycemia, cytokine release in D-galactosamine-
sensitized and unsensitized mice. Infect. Immun. 63:
1158-1164.

Mattix ME, Hunt RE, Wilhelmsen CL e al (1995)
Acrosolized staphylococcal enterotoxin B-induced pul-
monary lesions in rhesus monkeys (Macaca mulatta).
Toxicol. Pathol. 23: 262-268.

McAllister RM, Mercer NS, Morgan BD, Sanders R (1993)
Early diagnosis of staphylococcal toxaemia in burned
children. Burns 19: 22-25.

McKey V, Neill R], Jett M (1997) Bacterial toxins alter
platelet function in a model of lethal shock. FASEB J. 10:
A3403.

Meager T (1998) The Molecular Biology of Cytokines.
Chichester: John Wiley & Sons.

Mendis C, Das R, Yang D, Jett M (1997) Effects of SEB on
stress-induced signal transduction pathways in human
lymphoid system. Mol. Biol. Cell 8: A2088.

Mendis C, Yang D, Jett M, Das R (1998) Identification of
alterations in gene expression in response to staphylococ-
cal entcrotoxin B (SEB) using differential display. FASEB
J. 12: A580.

Miethke T, Wahi C, Heeg K ez al. (1992) T cell-mediated
lethal shock triggered in mice by the superantigen
staphylococcal enterotoxin B: critical role of tumor
necrosis factor. J. Exp. Med. 175:91-98.

Miethke T, Wahl C, Heeg K, Wagner H (1993) Acquired

" resistance to superantigen-induced T cell shock. V beta
sclective T cell unresponsiveness unfolds directly from a
transient state of hyperreactivity. J. Immunol. 150:
3776-3784.

Miethke T, Wahl C, Gaus H ¢ al (1994) Exogenous
superantigens acutely trigger distinct levels of peripheral
T cell tolerance /immunosuppression: dose-response rela-
tionship. Eur. J. Immunol. 24: 1893-1902.

Migita K, Eguchi K, Kawabe Y, Nagataki S (1995) Tyrosine
phosphorylation participates in peripheral T-cell acti-
vation and programmed cell death in vivo. Immunology
85: 550-555.

Morris EL, Hodoval LF, Beisel WR (1967) The unusual role
of the kidney during intoxication of monkeys by intra-
venous staphylococcal enterotoxin B. J. Infect. Dis. 117:
273-284.

Munson SH, Tremaine MT, Betley MJ, Welch RA (1998)

. Identification and characterization of staphylococcal

cnterotoxin types G and I from Staphylococcus anreus.
Infecs. Immun. 66: 3337-3348.

Murray JS, Kasselman JP, Schountz T (1995) High-density
presentation of an immunodominant minimal peptide on
B cells is MHC-linked to Thl-like immunity. Cell.
Immunol. 166: 9-15.

Nada T, Ichiyama S, Iinuma Y et 2l (1996) Types of
methicillin-resistant Staphylococcus aurcus associated with
high mortality in patients with bacteremia. Exr. J. Clin.
Microbiol. Infect. Dis. 15: 340-343.

Nagaki M, Muto Y, Ohnishi H er al. (1994) Hepatic injury
and lethal shock in galactosamine-sensitized mice induced
by the superantigen staphylococcal enterotoxin B.
Gastroenterology 106: 450-458.

Neefjes JJ, Momburg F, Hammerling GJ (1993) elective and
ATP-dependent translocation of peptides by the MHC-
encoded transporter. Science 261: 769-771.

Niedergang F, Hemar A, Hewitt CR ez al. (1995) The
Staphylococcus aurcus enterotoxin B superantigen
induces specific T cell receptor down-regulation by
increasing its internalization. J. Biol. Chem. 270:
12839-12845.

Niedergang F, Dautry-Varsat A, Alcover A (1998) Coopera-
tive activation of TCRs by enterotoxin superantigens.
J- Immunol. 161: 6054-6058.

Niclsen M, Svejgaard A, Ropke C e al. (1995) Staphylo-
coccal enterotoxins modulate interleukin 2 receptor
expression and ligand-induced tyrosine phosphorylation
of the Janus protein-tyrosine kinase 3 (Jak3) and signal
transducers and activators of transcription (Stat proteins).
Proc. Natl Acad. Sci. USA 92: 10995-10999.

Nishida E, Gotoh Y (1993) The MAP kinasc cascade is
essential for diverse signal transduction pathways. Trends
Biochem. Sci. 18: 128-131.

Noble A, Pestano GA, Cantor H (1998) Suppression of
immune responses by CD8 cells. I Superantigen-activated
CD8 cells induce unidirectional Fas-mediated apop-
tosis of antigen- activated CD4 cells. J. Immunol. 160:
559-565.

Normann SJ (1971) Renal fate of staphylococcal
enterotoxin B. Lab. Invest. 25: 126-132.

Normann SJ, Stone CM (1972) Renal lysosomal catabolism
of staphylococcal enterotoxin B. Lab. Invest. 27: 236~
241.

Normann SJ, Jaeger RF, Johnsey RT (1969) Pathology of
experimental  enterotoxermia. The localization of
staphylococcal enterotoxin B. Lab. Invest. 20: 17-25.

- Norris DA, Leung DYM (1997) Superantigens in inflam-

matory skin diseases. In: Leung DYM, Huber BT,
Schlievert PM (eds) Superantigens. Molecular Biology,
Immunology, and Relevance to Human Disenses. New
York, Basel, Hong Kong: Marcel Dekker, pp. 551-580.

OhlssonK, Bjork P, Bergenfeldt M ezal. (1990) Interleukin-1
receptor antagonist reduces mortality from endotoxin
shock. Nature 348: 550-552.

Olsvik O, Myhre S, Berdal BP, Fossum K (1982) Detection
of staphylococcal enterotoxin A, B, and C in milk by an
ELISA procedure. Acta Vet. Scand. 23: 204-210.



The Staphylococcal Enterotoxins 25

Olusanya O, Naidu AS (1991) Occurrence of toxic shock
syndrome toxin-1 producing Staphylococcus aunreus and
the anti TSST-1 serostatus of hospital personnel in
Nigeria. East Afr. Med. J. 68: 507-514.

Ombui JN, Arimi SM, Kayihura M (1992) Beef and dressed
chickens as sources of enterotoxigenic Staphylococcus
aureusin Nairobi. East Afy. Med. . 69: 606-608.

Opal SM, Fisher CJ Jr, Dhainaut JF ¢ al. (1997) Con-
firmatory interleukin-| receptor antagonist trial in severe
sepsis: a phase 111, randomized, double-blind, placebo-
controlled, multicenter trial. The Interleukin-1 Receptor
Antagonist Sepsis Investigator Group. Crit. Care Med.
25:1115-1124.

Oppenheim JJ, Dubois CM, Ruscetti FW, Keller JR (1990)
Regulation of the production and receptors for inter-
leukin I, and tumor necrosis factor. Progr. Clin. Biol. Res.
349:183-194.

Origuchi T, Eguchi K, Kawabe Y et al. (1995a) Synovial cells
arc potent antigen-presenting cells for superantigen,
staphylococcal enterotoxin B (SEB). Clin. Exp. Immunol.
99: 345-351.

Origuchi T, Eguchi K, Kawabe Y et al. (1995b) Increased
levels of serum IgM antibody to staphylococcal enter-
otoxin B in paticnts with rheumatoid arthritis. Ann.
Rbheum. Dis. 54: 713-720.

Owada K, Kurihara S, Osono E et al. (1999) A case of
interstitial nephritis induced by a super antigen produced
by methicillin-resistant Staphylococcus aurens (MRSA)
presenting as acute renal failure. Nippon Jinzo Gakkai
Shi. 41: 89-94.

Papageorgiou AC, Acharya KR, Shapiro R et al. (1995)
Crystal structure of the superantigen enterotoxin C2 from
Staphylococeus anrensreveals a zinc-binding site. Structure
3:769-779.

Paul WE, Seder RA, Plaut M (1993) Lymphokine and
cytokine production by Fc epsilon RI+ cells. Adv.
Immunol. 53: 1-29.

Pender SL, Brecse EJ, Gunther U ez al. (1998) Suppression
of T cell-mediated injury in human gut by interleukin 10:
role of matrix metalloproteinases. Gastroenterology 115:
573-583.

Pereira ML, do Carmo LS, dos Santos EJ, Bergdoll MS
(1994) Staphylococcal food poisoning from cream-filled
cake in a metropolitan area of south-castern Brazil. Rey.
Saude Publ. 28: 406-409. '

Pereira ML, Carmo LS, Santos EJ e al. (1995) Staphylococci
in breast milk from women with and without mastitis.
Rev. Microbiol., Sao Paulo 26: 117-120.

Pouliot M, Baillargeon J, Lee JC et al. (1997) Inhibition of

~ prostaglandin endoperoxide synthase-2 expression in
stimulated human monocytes by inhibitors of p38
mitogen-activated protein kinase. J. Immunol. 158:
4930-4936. .
Prasad GS, Earhart CA, Murray DL ez a/. (1993) Structure of
. toxic shock syndrome toxin 1. Biochemistry 32: 13761-
13766.

Pullen AM, Bogatzki LY (1996) Receptors on T celis

escaping superantigen-mediated deletion lack special

beta-chain junctional region structural Characteristics.
J. Immunol. 156: 18651872,

Racke MK, Quigley L, Cannclla B ez a/. (1994) Superantigen
modulation of experimental allergic encephalomyelitis:
activation of anergy determines outcome. J. Immunol.
152:2051-2059.

Ramirez M, Fernandez-Troy N, Buxade M ¢ al. (1999)
Wortmannin inhibits translation of tumor necrosis factor-
alphain superantigen-activated T cells. Int. Immunol. 11:
1479-1489.

Rapoport MI, Hodoval LF, Beisel WR (1967) Influence of
thorotrast blockade and acute renal artery ligation on
disappearance of staphylococcal enterotoxin B from
blood. J. Bacteriol. 93: 779-783.

Reali D (1982) Enterotoxin A and B production in strains of
Staphylococcus anrens isolated from human beings and
foods. J. Hyg. (Lond.) 88: 103-106.

Red! H, Schlag G, BahraIni S er al. (1993) The cytokine
nerwork in trauma arxi sepsis: TNF and I1-8. In: Schlag
G, Redl H (eds) Pathophysiology of Shock, Sepsis and Organ
Failure. Berlin: Springer, p. 4684.

Rellahan BL, Jones LA, Kruisbeek AM e al (1990)
induction of anergy in peripheral V beta 8+ T cells
by staphylococcal enterotoxin B. J. Exp. Med. 172:
1091-1100.

Ren K, Bannan JD, Pancholi V ez 2l. (1994 ) Characterization
and biological properties of a new staphylococcal exotox-
in. J. Exp. Med. 180: 1675-1683.

Ridley SH, Sarsfield SJ, Lee JC ez al. (1997) Actions of IL-1
are sclectively controlled by p38 mitogen-activated pro-
tein kinase. J. Immunol. 158: 3165-3169.

Riesbeck K, Billstrom A, Tordsson J ez 2. (1998) Endothelial
cells expressing an inflammatory phenotype are lysed by
superantigen-targeted cytotoxic T cells. Clin. Diagn. Lab.
Immunol. 5: 675-682.

Rogers TJ, Zhang L (1997) Structural basis for the
interaction of superantigen with the alternative super-
antigen-binding receptor' p85. Mol. Immunol. 34:
263-272.

Rogers TJ, Guan L, Zhang L (1995) Characterization of an
alternative superantigen binding site expressed on a renal
fibroblast cell line. Int. Immunol. 7:1721-1727.

Rose SA, Bankes P, Stringer MF (1989) Detection of
staphylococcal enterotoxins in dairy products by the
reversed passive latex agglutination (SET-RPLA) kit.
Int. J. Food Microbiol. 8: 65-72.

Rosec JP, Guiraud JP, Dalet C, Richard N (1997) Entero-
toxin production by staphylococci isolated from foods in
France. Int. J. Food Microbiol. 35:213-221.

Schafer PH, Wang L, Wadsworth SA ez 4l (1999) T cell
activation signals up-regulate p38 mitogen-activated
protein kinase activity and induce TNF-alpha production
in 2 manner distinct from LPS activation of monocytes.
J. Immunol. 162: 659-668.

Scheuber PH, Denzlinger C, Wilker D er al (1987a)
Cysteinyl leukotrienes as mediators of staphylococcal'
enterotoxin B in the monkey. Eur. J. Clin. Invest. 17:
455-459.




26 GASTRO-INTESTINAL INFECTIONS: TOXIN-ASSOCIATED DISEASES

Scheuber PH, Denzlinger C, Wilker D et al. (1987b)
Staphylococcal enterotoxin B as a nonimmunological
mast cell stimulus in primates: the role of endogenous
cysteinyl leukotrienes. Int. Arch. Allergy Appl. Immunol.
82:289-291.

Schiffenbauer J, Johnson H, Soos J (1997) Superantigens in
autoimmunity: their role as ctiologic and therapeutic
agents. In: Leung DYM, Huber BT, Schlievert PM (eds)
Superantigens. Molecular Biology, Immunology, and Rele-
vance to Human Discases. New York, Basel, Hong Kong:
Marcel Dekker, pp. 525-550.

Scholl PR, Trede N, Chatila TA, Geha RS (1992) Role of
protein tyrosine phosphorylation in monokine induction
by the staphylococcal superantigen toxic shock syndrome
toxin-1. J. Immunol. 148: 2237-2241.

Schraven B, Marie-Cardine A, Hubener C et al (1999)
Integration of receptor-mediated signals in T cells by
transmembrane adaptor proteins. Trends Immunol. Today
20:431-434.

Seger R, Krebs EG (1995) The MAPK signaling cascade.
FASEB J. 9:726-735.

Seprenyi G, Shibata T, Onody R, Kohsaka T (1997) In
staphylococcus enterotoxin B (SEB)-stimulated human
PBMC, the LAK activity of non-T cells might have a
major role in the mechanism of glomerular endothelial
cells’ injury. Immunobiology 197: 44—-54.

Seth A, Stern LJ, Ottenhoff TH ez 2l (1994) Binary and
ternary complexes between T-cell receptor, class I MHC
and superantigen. Nature 369: 324-327. ‘

Shinbori T, Matsuki M, Suga M et 4l (1996) Induction of
interstitial pneumonia in autoimmune mice by intratrach-
cal administration of superantigen staphylococcal enter-
otoxin B. Cell. Immunol. 174:129-137.

Soderquist B, Kallman J, Holmberg H er al. (1998)
Secretion of IL-6, IL-8 and G-CSF by human endothelial
cells in response to Staphylococcus aureus and staphylo-
coccal exotoxins. APMIS 106: 1157-1164.

Solino Noleto AL, da Costa Cesar E, Bergdoll MS (1986)
Antibodies to staphylococcal enterotoxins and toxic
shock syndrome toxin 1 in sera of patients and healthy
people in Rio de Janeiro, Brazil. J. Clin. Microbiol. 24:
809-811.

Soos JM, Johnson HM (1994) Multple binding sites on the
superantigen, staphylococcal enterotoxin B, imparts ver-
satility in binding to MHC class II molecules. Biochem.
Biophys. Res. Commun. 201: 596-602.

Soos JM, Russell JK, Jarpe MA ¢z al. (1993) Identification of
binding domains on the superantigen, toxic shock
syndrome-1, for class 1I MHC molecules. Biochem.
Biophys. Res. Commun. 191:1211-1217.

Sourek J (1980) Circulation of enterotoxigenic strains
of Staphylococcus aurens in humans and their environ-
ment. J. Hyg. Epidemiol. Microbiol. Immunol. 24:
183-191.

Sourck J, Vymola F, Trojanova M ez al. (1979) Enterotoxin
production by Staphylococcus aureus strains isolated
from cases of chronic ostcomyelitis. J. Clin. Microbiol.
9:266-268.

Spero L, Leatherman DL, Adler WH (1975) Mitogenicity of
formalinized toxoids of staphylococcal enterotoxin B.
Infect. Immun. 12: 1018-1020.

Spickermann GM, Nagler-Anderson C (1998) Oral admin-
istration of the bacterial superantigen staphylococcal
enterotoxin B induces activation and cytokine production
by T cells in murine gut-associated lymphoid tissue.
J. Immunol. 161: 5825-5831. :

Srinivas U, Dohlsten M, Kalland T, Lundblad A (1998) -
Staphylococcal enterotoxin-A-induced in-vitro adhesion
of HL-60 cells to endothelial cells involves both selectin
and integrin families of cell adhesion molecules. Scand.
J. Immunol. 48:127-135.

Stelma GN Jr, Bergdoll MS (1982) Inactivation of staphylo-
coccal enterotoxin A by chemical modification. Biochem.
Biophys. Res. Commun. 105: 121-126.

Stiles BG, Bavari S, Krakauer T, Ulrich RG (1993) Toxicity
of staphylococcal enterotoxins potentiated by lipopoly-
saccharide: major histocompatibility complex class I
moleculedependency and cytokine release. Infecr. Immun.
61:5333-5338.

Sundstedt A, Hoiden I, Rosendahl A et al (1997)
Immunoregulatory role of 1L-10 during superantigen-
induced hyporesponsiveness. J. Immunol. 158: 180—
186.

Sundstrom M, Abrahmsen L, Antonsson P et al. (1996a)
The crystal structure of staphylococcal enterotoxin type D
Reveals Zn2+-mediated homodimerization. EMBO]J. 15:
6832-6840.

Sundstrom M, Hallen D, Svenssca A et al. (1996b) The
Co-crystal structure of staphylococcal enterotoxin type A
with Zn2+ at 2.7 A resolution. Implications for major
histocompatibility complex class I binding. J. Biol. Chem.
271: 32212~32216.

Svensson LA, Schad EM, Sundsttrom M et al (1997)
Staphylococcal enterotoxins A, D, and E. Structure and
function, including mechanism of T-cell superantigeni-
city. Prep. Biochem. Biotechnol. 27: 111-141.

Swaminathan S, Yang DS, Furey W et al (1988)
Crystallization and preliminary X-ray study of
staphylococcal enterotoxin B [letter]. J. Mol. Biol. 199:
397.

Swaminathan S, Furey W, Pletcher J, Sax M (1992) Crystal
structure of staphylococcal enterotoxin B, a superantigen.
Nature 359: 801-806.

Swaminathan S, Furey W, Pletcher J, Sax M (1995) Residues
defining V beta specificity in staphylococcal enterotoxins.
Nature Struct. Biol. 2: 680-686..

Tabarya D, Hoffman WL (1996) Staphylococcus anreus nasal
carriage in rheumatoid arthritis — antibody response to
toxic shock syndrome toxin-1 - Ann. Rbheum. Dis. 55:
823-828.

Takakawa M, Maeda T, Saito H (1998) Protein phosphatase
2cc inhibits the human stress-responsive p38 and JNK
MAPK pathways. EMBO J. 17: 4744-4750.

Tatini SR, Jezeski JJ, Olson JC Jr, Casman EP (1971a)
Factors influencing the production of staphylococcal
enterotoxin A in milk. J. Dairy Sei. 54: 312-320.




The Staphylococcal Enterotoxins 27

Tatini SR, Jezeski JJ, Morris HA ez al. (1971b) Production of
staphylococcal enterotoxin A in cheddar and colby cheese.
J. Dairy Sci. 54: 815-825.

Tatini SR, Wesala WD, Jezeski JJ, Morris HA (1973)
Production of staphylococcal enterotoxin A in Blue,
Brick, Mozzarella, and Swiss cheeses. J. Dairy Sci. 56:
429-435.

Tchilian EZ, Anderson G, Moore NC ez a/. (1996) Involve-
ment of LFA-1/ICAM-2 adhesive interactions and PKC
in activaton-induced cell death following SEB rechal-
lenge. Immunology 87: 566-572.

Tessier PA, Naccache PH, Diener KR ez al. (1998) Induction
of acute inflammation by staphylococcal superantigens.
I1. Critical role for chemokines, ICAM-1, and TNEF-
alpha. J. Immunol. 161: 1204-1211.

Thibodeau J, Labrecque N, Denis F et al. (1994) Binding
sites for bacterial and endogenous retroviral superanti-
gens can be dissociated on major histocompatibility
complex class IT molecules. J. Exp. Med. 179: 1029-
1034.

Tiegs G, Kusters S, Kunstle G ez al. (1998) Ebselen protects
mice against T cell-dependent, TNF-mediated apoptotic
liver injury. J. Pharmacol. Exp. Ther. 287: 1098-1104.

Todd JK, Franco-Buff A, Lawellin DW, Vasil ML (1984)
Phenotypic distinctiveness of Staphylococcus anreusstrains
associated with toxic shock syndrome. Infect. Immun. 45:
339-344.

Trede NS, Morio T, Scholl PR ez al. (1994 ) Early activation
events induced by the staphylococcal superantigen
toxic shock syndrome toxin-1 in human peripheral
blood monocytes. Clin. Immunol. Immunopathol. 70:
137-144.

Trentin L, Zambello R, Facco M et al. (1997) Sclection of
T lymphocytes bearing limited TCR-Vbeta regions in
the lung of hypersensitivity pneumonitis and sarcoidosis.
Am. J. Respér. Crit. Care Med. 155: 587-596.

Uchiyama T, Saito S, Inoko H er al. (1990) Relative activities
of distinct isotypes of murine and human major histo-
compatibility complex class II molecules in binding toxic
shock syndrome toxin 1 and determination of CD
antigens expressed on T cells generated upon stimulation
by the toxin. Infect. Immun. 58: 3877-3882.

Umoh V], Adesiyun AA, Comwalk NE (1990) Enterotoxi-
genicity of staphylococci isolated from raw milk obtained
from settled and nomadic herds around Zaria, Nigeria.
Rev. Elev. Med. Vet. Pays Trop. 43: 43-47.

Valle J, Gomez-Lucia E, Piriz S et al. (1990) Enterotoxin
production by staphylococci isolated from healthy goats.
Appl. Environ. Microbiol. 56: 1323-1326.

Waage A, Steinshamn S (1997) Cytokines in septic shock. In:
Remick DG, Friedland JS (eds) Cytokines in Health and
Disease. New York: Marcel Dekker, pp. 581-590.

Wadsworth SA, Cavender DE, Beers SA e al. (1999) RW]
67657, a potent, orally active inhibitor of p38 mitogen-
activated protein kinase. J. Pharmacol. Exp. Ther. 291:
680-687. '

Wagers AJ, Waters CM, Stoolman LM, Kansas GS (1998)
Interleukin 12 and interleukin 4 control T cell adhesion to

endothelial selectins through opposite effects on alphal,
3-fucosyltransferase VII gene expression. J. Exp. Med.
188:2225-2231.

Wakita H, Tokura Y, Furukawa F, Takigawa M (1995)
Staphylococcal enterotoxin B upregulates expression
of ICAM-1 molecules on IFN-gamma-treated keratino-
cytes and keratinocyte cell lines. J. Invest. Dermatol. 105:
536-542. v

Webb SR, Gascoigne NR (1994 ) T-cell activation by super-
antigens. Curr. Opin. Immunol. 6: 467-475.

Weber AK, Wahn U, Renz H (2000) Superantigen-induced
T cell death by apoptosis: analysis on a single cell level and
effect of IFN-gamma and IL-4 treatment. Inz. Arch.
Allergy Immunol. 121: 215-~223.

Weed LA, Michael AC, Harger RN (1943) Staphylococcus
intoxication from goat milk. Am. J. Public Health 33:
1314-1318.

Weng CF, Zhao W, Fegeding KV et al. (1999) Resistance of
staphylococcal enterotoxin B- induced proliferation and
apoptosis to the effects of dexamethasone in mouse
lymphocyte cultures. Inr. Immunol. 11: 787-801.

Won SJ, Huang WT, Lai YS, Lin MT (2000) Staphylococcal
enterotoxin A acts through nitric oxide synthase mechan-
isms in human peripheral blood mononuclear cells to
stimulate synthesis of pyrogenic cytokines. Infect.
Immun. 68:2003-2008.

Wright AD, Chapes SK (1999) Cross-linking staphylococcal
enterotoxin A bound to major histocompatibility com-
plex class 1 is required for TNF-alpha secretion. Cell.
Immunol. 197:129-135.

Xu H, Gonzalo JA, St Pierre Y et al. (1994) Leukocytosis
and resistance to septic shock in intercellular adhesion
molecule 1-deficient mice. J. Exp. Med. 180: 95-109.

Yan Z, Yang DC, Neill R, Jett M (1999) Production of
tumor necrosis factor alpha in human T lymphocytes by

staphylococcal enterotoxin B correlates with toxin-

induced proliferation and is regulated through protein
kinase C. Infect. Immun. 67: 6611-6618.

Yoh K, Kobayashi M, Hirayama A et al. (1997) A case of
superantigen-related glomerulonephritis after methicillin-
resistant Staphylococcus aureus (MRSA) infection. Clin.
Nephrol. 48: 311-316.

Yuan L, Lowell GH, Hoover DL et al. (2000) Kinetics of
cellular and cytokine responses in a chimeric mouse model
for the study of staphylococcal enterotoxin B pathogen-
esis. Immunol. Lett. 71: 19-26.

Zembowicz A, Vane JR (1992) Induction of nitric oxide
synthase activity by toxic shock syndrome toxin 1 in a
macrophage-monocyte cell line. Proc. Natl Acad. Sci.
USA 89:2051-2055.

Zhang S, Iandolo JJ, Stewart GC (1998) The enterotoxin D
plasmid of Staphylococcus aureus encodes a second enter-
otoxin determinant (sej). FEMS Microbiol. Lett. 168:
227-233.

Zhao YX, Abdelnour A, Ljungdahl A ez al. (1995) Patterns of
interferon-gamma mRNA expression in toxic shock
syndrome toxin-1 expanded V beta 11+ T lymphocytes.
Cell. Immunol. 161: 28-33.




